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THE RAT AND ITS REGULATION BY NEUROTRANSMITTERS AND MODULATORS

AFOSR 90-0205

RESEARCH OBJECTIVES

In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus is a circadian
pacemaker that serves a well-defined, critical role in the generation and entrainment of
daily rhythms of physiological, metabolic and behavioral functions. The SCN contain an
endogenous pacemaker that generates near 24-hr SCN rhythms of electrical activity and
vasopressin secretion. Outputs from this central pacemaker time cellular, tissue and
organismic circadian rhythms. All circadian rhythms are reset by changes in environmen-
tal lighting, which can affect the SCN through inputs from the retina, intergeniculate leaflet
or the raphe. However, little is known about the way in which the neuronal components of
the SCN are organized to carry out time-keeping or to analyze phase-resetting information.
This study sought to determine 1) the functional organization of the SCN by
electrophysiological analyses of regional distribution of pacemaking properties and
neuronal characteristics, as well as, 2) SCN responses to extrinsic and intrinsic
neurotransmitters and modulators.

We used the rat hypothalamic brain slice to study the functional organization of the SCN
directly. Our work has established that circadian pacemaking and resetting properties are
endogenous to the SCN and can be studied in vitro. In the studies undertaken during this
award, the circadian rhythm of SCN electrical activity was recorded continuously in intact
and microdissected slices of rat hypothalamus for 32 hr after slice preparation. Persistence of
a rhythm in microdissected subregions was determined. Whole cell recording in slice of
single SCN neurons was performed over the circadian cycle to assess the range of
electrophysiological characteristics in each SCN region together with diurnalchanges in
electrical properties. The neuromodulators serotonin and neuropeptide Y were applied
focally with micropipette, and effects on the phasing of the electrical activity rhythm
determined for 24-48 hr after treatment. Additionally, the levels of glutamic acid
decarboxylase (GAD), the biosynthetic enzyme for the inhibitory neurotransmitter GABA,
was assessed over the circadian cycle. In experiments directed at understanding regulation
by retinohypothalamic afferents, Dr. Rea's lab at the USAF-SAM has examined release of
excitatory amino acids, field potential activity and pharmacological blockade in SCN upon
stimulation of the optic nerve, and nitric oxide synthase (NOS), a possible mediator of
glutamate stimulation. Finally, we have collaborated with Dr. Rea in experiments that
identify components of the mechanism by which light, the major environmental stimulus
for entrainment of daily rhythms, adjusts the SCN. Our studies together demonstrate that
glutamate, working through nitric oxide-a cyclic AMP binding protein phosphorylation-cfos
induction, in the major regulator of circadian rhythms at night.

The main hypotheses tested in this study were: 1) pacemaking properties are distributed
throughout the SCN; 2) the neurons of the SCN are homogeneous with respect to their
electrical and pacemaking properties; 3) neuromodulators from inputs implicated in
phase-shifts of behavior by dark pulses (serotonin from the raphe, neuropeptide Y from the
intergeniculate) are effective phase-shifting agents for SCN during the circadian day; 4)
GAD levels are constant over the circadian cycle; and 5) light information carried by the
retinohypothalamic tract affects the SCN via excitatory amino acids (viz., glutamate).

The Ion g-term goal of these studies has been to understand how neurons of the SCN are
organized-to generate a 24-hr biological clock and what role specific neurotransmitters and
modulators play in the pacemaking and resetting process. Because the SCN integrate most
circadian behaviors an metabolic fluxes, this study has basic relevance to understanding
circadian dysfunction induced by transmeridian travel and sustained, irregular work
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schedules, with application to improving human performance under conditions that
induce circadian desynchronization.

In accord with a directive from Dr. Haddad, Program Manager of the Chronobiology
Initiative, the body of this report will be our publication in Journal of Biological Rhythms
vol. 8, Supplement, 1993, pp. S53-S58, which follows.

RESEARCH ARTICLES PUBLISHED OR PLANNED FOR TECHNICAL JOURNALS

Medanic, M. and M.U. Gillette. 1992. Serotonin regulates the phase of the rat
suprachiasmatic circadian pacemaker in vitro during the daytime. J of Physiology
(London) 450: 629-642.

Gillette, M.U., S.J. DeMarco, J.M. Ding, E.A. Gallman, L.E. Faiman, C. Liu, A.J. McArthur, M.
Medanic, D. Richard, T.K. Tcheng and E.T. Weber. 1993. The organization of the
suprachiasmatic circadian pacemaker of the rat and its regulation by neurotransmitters
and modulators. J of Biological Rhythms, 8: S53-S58.

Medanic, M. and M.U. Gillette. 1993. Suprachiasmatic circadian pacemaker of rat shows
two windows of sensitivity to neuropeptide Y in vitro. Brain Research, 620: 281-286.

Gallman, E.A. and M.U. Gillette. 1993. Diversity and circadian modulation of
suprachiasmatic neurons studied by whole cell recording in rat brain slice. In revision.

Satinoff, E., H. Li, T. Tcheng, C. Liu, A. McArthur, M. Medanic and M.U. Gillette. 1993. Do
the SCN oscillate in old rats as they do in young ones? American Journal of Physiology,
265: R1216-R1222..

Gillette, M.U., M. Medanic, A.J.McArthur, C. Liu, J.M. Ding, T.K. Tcheng, and E.A. Gallman.
1994. Electrophysiology of the SCN Clock: Intrinsic Neuronal Rhythms and their
Adjustment. Ciba Foundation Symp. 183. Circadian Clocks and their Adjustment. J.
Waterhouse, Org. , Wiley, Chichester, In press

DeMarco, S.J., D. Richard, L. Faiman and M.U. Gillette. 1994. Circadian regulation of g-
amino decarboxylase levels and activity in the rat suprachiasmatic nucleus in vitro. J of
Neurochem Prepared for submission.

Ding, J.M., Chen, D, Faiman, L.E. and M.U. Gillette. 1994. Light-like regulation of the
suprachiasmatic circadian clock by a glutamate-nitric oxide pathway to CREB. Prepared for
submission.
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INTERACTIONS THROUGH MEETINGS AND COLLABORATIVE EXPERIMENTS

MEETINGS

Gillette, M.U. and Tcheng, T.K. 1990. Localization of a circadian pacemaker tothe
ventrolateral suprachiasmatic nucleus (SCN). Presented at the Society for Research on
Biological Rhythms, May, 1990. Amelia Island, FL.

Tcheng, T.K. and Gillette, M.U. 1990. Electrical characterization of ventrolateral and
dorsomedial regions of the suprachiasmatic nucleus. Presented at eh Society for
Neuroscience Meeting, October, 1990, St. Louis, MO.

Medanic, M. and Gillette, M.U. 1990. Serotonin phase shifts the circadian rhythm of
electircal activity in the rat SCN in vitro. Presented at the Society for Neuroscience
Meeting, October, 1990, St. Louis, MO.

Gillette, M.U. 1991. Cellular regulators of the SCN pacemaker studied in the brain slice.
Presented as part of a panel, "Current Status of Circadian Rhythm Regulation in
Mammals", at the 1991 Winter Conference for Brain Research at Vail, CO. Other members
of the panel included L. Morin (SUNY-Stony Brook), D. Earnest (Rochester) and M. Lehman
(Cinncinati).

Gillette, M.U. 1991. Analysis of phase-locked regulators of circadian rhythms in the SCN
brain slice. Invited lecture presented to the Gordon Conference on Chronobiology, Irsee,
Germany, October, 1991.
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Tcheng, T.K. and Gillette, M.U. 1991. Characterization of regional neuronal activity in the
suprachiasmatic nucleus using a curve-fitting technique. Presented at the Society for
Neuroscience Meeting, November, 1991, New Orleans, LA

Gallman, E.A., Nolan, P.C., Waldrop, T.G. and Gillette, M.U. 1991. Whole cell recording of
neurons of the suprachiasmatic nucleus (SCN) studied in rat brain slice. Presented at the
Society for Neuroscience Meeting, November, 1991, New Orleans, LA

Medanic, M. and Gillette, M.U. 1991. Serotonin agonists advance the circadian rhythm of
neuronal activity in rat SCN in vitro. Presented at the Society for Neuroscience Meeting,
November, 1991, New Orleans, LA

Richard, D., Faiman, L. and Gillette, M.U. 1991. Quantitation of glutamic acid
decarboxymase (GAD) and tyrosine hydroxylase (TH) in single suprachiasmatic nuclei (SCN)
across the circadian cycle. Presented at the Society for Neuroscience Meeting, November,
1991, New Orleans, LA

Gillette, M.U. 1991. Aminergic and amino acid transmitters in the control of SCN rhythms.
Invited lecture presented at the Conference Philippe Laudat "Neurobiology of circadian and
seasonal rhythms: animal and clinical studies", November, 1991, Strasbourg, France

Gillette, M.U., McArthur, A.J., Liu, C. and Medanic, M. 1992. Intrinsic organization of the
SCN circadian pacemaker studied by long-term electrical recording in vitro. Presented at the
Society for Research on Biological Rhythrns Meeting, May, 1992, Amelia Island, FL

Satinoff, E., Li, H., McArthur, A.J., Medanic, M., Tcheng, T., and Gillette, M.U. 1992. Does
the SCN oscillate in old rats as it does in young ones? Presented at the Society for Research
on Biological Rhythms Meeting, May, 1992, Amelia Island, FL

Gallman, E.A. and Gillette, M.U. 1992. Whole cell recording of neurons of the
suprachiasmatic nucleus (SCN) studied in rat brain slice. Presented at the Society for
Research on Biological Rhythms Meeting, May, 1992, Amelia Island, FL

Medanic, M. and Gillette, M.U. 1992. NPY phase-shifts the circadian rhythm of neuronal
activity in the rat SCN in vitro. Presented at the Society for Research on Biological
Rhythms Meeting, May, 1992, Amelia Island, FL

Gillette, M.U. 1993. Circadian patterns of suprachiasmatic neuronal activity and sensitivity.
Invited presentation at the World Federation of Sleep Research Societies meeting on the
Cellular Consequences of Sleep, Maui, HI, March, 1993.

Ding, J.M. and Gillette, M.U. 1993. Glutamate induces light-like phase shifts in the rat SCN
in brain slice. Presented at the Society for Neuroscience Meeting, Nov., 1993, Washington,
D.C.

Gallman, E.A. and Gillette, M.U. 1993. Circadian modulation of membrane properties of
SCN neurons in rat brain slice. Presented at the Society for Neuroscience Meeting, Nov.,
1993, Washington, D.C.

Medanic, M. and Gillette, M.U. 1993. Rat suprachiasmatic circadian pacemaker shows two
windows of sensitivity to NPY in vitro. Presented at the Society for Neuroscience Meeting,
Nov., 1993, Washington, D.C.

Satinoff, E. Li, H, Liu, C., McArthur, A.J., Medanic, M., Tcheng, T. and Gillette, M.U. 1993.
Do the suprachiasmatic nuclei oscillate in old rats as they do in young ones? Presented at
the Society for Neuroscience Meeting, Nov., 1993, Washington, D.C.
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Gillette, M.U., 1993. Electrophysiology of the SCN Clock: Intrinsic Neuronal Rhythms and
their Adjustment. Presented at Ciba Foundation Symp. 183. Circadian Clocks and their
Adjustment, at Ciba House, London, England, September, 1993.

COLLABORATIONS

With Dr. Mike Rea (USAF-SAM, Brooks AFB) we have undertaken a number of
collaborative experiments. The most productive interactions have been oriented around
the hypothesis that light induced phase-shifts might be mediated through glutamate
stimulation of nitric oxide synthase, followed by activation of guanyl cyclase. These should
lead to induction of phosphorlation of cyclic AMP response element binding protein
(CREB) and Fos expression in e SCN. Todd Weber, an Air Force Graduate Fellow in my
lab, has made a number of attempts to measure cGMP levels stimulated by glutamate in
cerebellum, the tissue in which this pathway was first described (Bredt andSnyder, 1991.)
These have produced highly variabfe results; since Todd is extremely experienced in this
technique, we have put the project on hold while we try to implicate NO synthase more
directly in light-induced phase-shifts. This fall, Todd spent 3 months in Dr. Mike Rea's lab
at USAF-SAM where he conducted experiment that strongly implicate nitric oxide in the
signal transduction pathway by which light reset behavioral rhythms in hamsters. This
work is fully complementary to the studies of Dr. Ding reported above. Todd, Dr. Rea and I
are preparing a manuscript reporting these findings presently.

I have valued the intelluctual company of several members of the group funded by
AFOSR including Mike Rea, Ed Dudek and David Earnest. They have been ever available
for consultation or discussion of methods and results in these studies.

SUMMARY OF PROGRESS

1) The preponderance of data suggest that the SCN pacemaker is relatively distributed and
is organized primarily in the VL-SCN, the region receiving afferent fibers from regulatory
brain regions.

2) Neurons of the SCN are not homogeneous, but rather represent a diverse population
with a range of electrophysiological characteristics. Based on other descriptive studies of
pacemaker neurons in oter brain regions, some of these characteristics might be expected
to be found in oscillatory neurons.

3) Serotonin and NPY are both potent regulators of the SCN when briefly and focally
applied. They induce phase-advances during the daytime portion of the circadian cycle
only; at nighttime they are without effect when applied focally to the site that raphe
afferents terminate. Serotonin appears to act through a 5HTIA-like receptor via a pertussis-
sensitive G protein. Half maximal responses are achieved at 10-9 M.

4) Glutamic acid decarboxylase (GAD) levels undergo significant diurnal variation over the
circadian cycle. Initial experiments suggest it unlikely that nitric oxide synthase links
glutamate receptor stimulation to enhanced cGMP levels.

5) Glutamate applied directly to the SCN produces a light-like phase response curve, and
activates a nitric oxide generating pathway that leads to CREB-P. This supports the evidence
that the effects of light on circadian rhythms of animals is mediated by glutamate at the
retinohypothalamic tract afferents to the SCN.
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The Organizatin of the Suprachiasmatic Circadian
Pacemaker of ihe Rat and Its Regulation by
Neurotransmitters and Modulators

Martha U. Gil/ette,*-'-' Steven J. DeMarco,* Jian M. Ding,*" Eve A. Gallman,*
Lia E. Faiman,* Chen Liu,t Angela J. McArthurt Marija Medanic,t Daniel Richard,*
Thomas K. Tcheng,t and E. Todd Webert
*Department of Cell and Structural Biology, tDepartment of Physiology and Biophysics,
and *the Neuroscience Program, University of Illinois, Urbana, Illinois 61801

Abstract The long-term goal of our research is to understand how cells of the suprachiasmatic nucleus
(SCN) are organized to form a 24-hr biological clock, and what roles specific neurotransmitters and
modulators play in timekeeping and resetting processes. We have been addressing these questions by
assessing the pattern of spontaneous neuronal activity, using extracellular and whole-cell patch re-
cording techniques in long-lived SCN brain slices from rats. We have observed that a robust pacemaker
persists in the ventrolateral region of microdissected SCN, and have begun to define the electrophysio-
logical properties of neurons in this region. Furthermore, we are investigating changing sensitivities
of the SCN to resetting by exogenous neurotransmitters, such as glutamate, serotonin, and neuropep-
tide Y, across the circadian cycle. Our findings emphasize the complexity of organization and control
of mammalian circadian timing.

Key words brain slice, glutamate, neuropeptide Y, rat, serotonin, suprachiasmatic nucleus,
ventrolateral SCN, whole-cell patch recording

The central role of the suprachiasmatic nuclei (SCN) in the mammalian circadian system is
well established. An endogenously pacemaking tissue, the SCN exhibit a near-24-hr period
in intrinsic rhythms of electrical activity and vasopressin secretion (Earnest and Sladek,
1987; Gillette and Reppert, 1987; Prosser and Gillette, 1989). Outputs from this central
pacemaker supply a time base for circadian rhythms in cellular, tissue, and organismic
functions. Behavioral circadian rhythms are reset differentially over the 24-hr circadian cycle
by variables that include environmental lighting (DeCoursey, 1964; Boulos and Rusak, 1982)
and activity state (Mrosovsky and Salmon, 1987). These phase-resetting stimuli must affect
the SCN through input pathways, such as those from the retina (Moore and Lenn, 1972),
intergeniculate leaflet (Swanson et al., 1974; Card and Moore, 1982), or dorsal raphe
(Aghajanian et al., 1969; Moore et al., 1978). However, little is known about the way in
which the cellular components of the SCN are organized to carry out timekeeping or to
analyze phase-resetting information. We have been seeking to determine (I) the functional
organization of the SCN through electrophysiological analyses of regional distribution of
pacemaking properties and neuronal characteristics, as well as (2) the circadian nature of
SCN pacemaker regulation by neurotransmitters and modulators.

We have been using the hypothalamic brain slice (Hatton et al., 1980) to study the
functional organization of the SCN directly. Slices are prepared from Long-Evans rats,
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raised to 5-10 weeks of age on a light-dark cycle (LD 12:12) in our inbred colony. Our
previous work established that circadian pacemaking and resetting properties are endogenous
to the SCN in slices and can be analyzed in vitro (for a review, see Gillette, 1991). The
circadian rhythm of SCN electrical activity was recorded extracellularly in intact and micro-
dissected slices of rat hypothalamus for 1-3 days after slice preparation. Persistence of a
rhythm in microdissected subregions was examined. Whole-cell patch recording in slices
(Blanton et al., 1989) of single SCN neurons was performed over the circadian cycle to
assess the range of electrophysiological features of SCN neurons, together with diurnal
changes in electrical properties. Neurotransmitters and neuromodulators were applied focally
with a micropipette to their SCN projection sites; effects on the phase of the electrical activity
rhythm were determined from the behavior of the ensemble of single units. In addition, the
levels of glutamic acid decarboxylase (GAD, the biosynthetic enzyme for the inhibitory
neurotransmittery y-aminobutyric acid [GABAJ) in SCN micropunched from brain slices were
assessed over the circadian cycle by Western blotting. I- experiments aimed at understanding
regulation by retinohypothalamic afferents, Dr. Michael Rea's laboratory has examined
several parameters after stimulation of the optic nerve (the release of excitatory amino acids,
field potential activity, and sensitivity to pharmacological blockade of SCN in vitro); these
results are discussed in the paper by Rea and colleagues in this issue.

Hypotheses tested in our research include the following: (1) Pacemaking properties are
distributed throughout the SCN; (2) the neurons of the SCN are homogeneous with respect
to their electrical and pacemaking properties; (3) neuromodulators from inputs implicated
in phase shifts of behavior by dark pulses (serotonin f5-HT] from the raphe, neuropeptide
Y [NPYJ from the intergeniculate leaflet) are effective phase-shifting agents for SCN during
the circadian day; (4) GAD levels are constant over the circadian cycle; and (5) light
information carried by the retinohypothalamic tract affects the SCN via excitatory amino
acids (viz., glutamate). Our progress toward evaluating these hypotheses is presented here.

Regarding the first hypothesis, cel'ular organization of the SCN pacemaker was exam-
ined by determining whether regional variation in the circadian oscillation in ensemble
neuronal activity was expressed in the intact SCN brain slice. Post hoc analysis of the pattern
of activity recorded on day 2 in vitro revealed that, indeed, both the ventrolateral (VL) and
dorsomedial (DM) subregions of the SCN exhibited pronounced activity peaks (Tcheng et
al., 1989). These were not apparently altered by bisecting the brain slice at the base of the
third ventricle, which severs connections between the bilaterally paired SCN. In other word%,
each SCN appears to be an autonomous pacemaker.

The rat SCN pace er has two natural anatomical subdivisions: (I) the VL SCN, site
of the relatively larger neurons (mean diameter 9.6 ± 1.5 jim), including those containing
vasoactive intestinal peptide (VIP) upon which afferents from the retina, intergeniculate
leaflet, and dorsal raphe form synapses (van den Pol and Tsujimoto, 1985; Guy et al., 1987);
and (2) the DM SCN, which is composed of relatively smaller vasopressin-containing neurons
(mean diameter 7.8 ± 0.9 jim) that give rise to numerous efferent fibers (van den Pol,
1980). We hemisected each SCN so as to separate the VL SCN from the DM SCN, in order
to determine the pacemaking ability of each region. When activity in a single intact SCN
was monitored continuously for 32 hr, the characteristic sinusoidal circadian pattern in firing
frequency (Gillette and Prosser, 1988) was observed with high-amplitude peaks at 24-hr
intervals (Gillette et al., 1992). Surprisingly, hemisection did not affect this pattern in the
VL SCN, whereas amplitude and shape of the neuronal activity rhythm appeared altered in

S54



ORGANIZATION AND REGULATION OF RAT SCN

the DM SCN after surgical isolation (Tcheng and Gillette, 1990; Gillette et al., 1992). These
preliminary results are consistent with the alternative to the hypothesis tested-namely, that
there may be localization of pacemaking function within the SCN.

In order to address the second hypothesis (the issue of neuronal heterogeneity at the
cellular level), we have begun to examine individual neurons of the SCN, using the whole-
cell patch recording technique (Blanton et al., 1989) in the rat brain slice. Initial efforts were
concentrated in the VL SCN, although we have recently begun to extend our observations to
the DM SCN. By using this approach, we have found the SCN to be composed of a variety
of electrophysiologically distinct cell types (Gallman et al., 1991; Gallman and Gillette,
1993). Our observations challenge the hypothesis, which had been suggested by early workers
in the field (Wheal and Thompson, 1984), that the SCN is electrically homogeneous. Further-
more, preliminary findings concerning DM SCN neurons do not contradict the alternative
hypothesis-that there are regional differences in properties of neurons of the VL and
DM SCN.

The third hypothesis concerns the potential role of 5-HT and NPY in mediating phase
shifts induced by behavioral arousal and dark pulses, respectively. This was tested by
applying a 30-fl droplet of either 10-6 M 5-HT or NPY to the VL SCN in brain slices.
Effects upon the rhythms of neuronal activity of 5-min microdrop applications at various
points in the circadian cycle were assessed over 1-2 days posttreatment. These experiments
were designed to evaluate the permanence, receptor specificity, and dose dependency of
phase changes, compared to the responses of controls treated with microdrops of medium.
SCN sensitivity to 5-HT was restricted to the subjective day (circadian times 2- I( 1CTs
2-111 , with peak phase advance occurring at CT 7 (Fig. 1). Both 5-carboxyamidotryptamine
(5-CT), a 5-HT, receptor agonist, and 8-hydroxy-2-n-propylamino)-tetralin (8-OH-DPAT),
an agonist specific for the 5-HTsA receptor subtype, also induced large advances in the peak
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FiGURE I. Phase response curve relating the time of 5-HT treatment to the time of appearance of the
peak in ensemble neuronal firing rate in the next circadian cycle. For treatments at CT 7. the time of
maximal phase advance, activity was monitored for 2 days posttreatment. The peak on day 3 appeared
at CT 0. 24 hr after that on day 2, demonstrating that the phase shift measured on day 2 was complete.
The hatched horizontal bar rcpresents subjective night. Adapted from Medanic and Gillette (1992a.)
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of the electrical activity rhythm in SCN in vitro; these treatments were without effect during
the subjective night (Medanic and Gillette, 1992a). Thus, the regulatory effect of 5-HT on
the neurons of the VL SCN appears to be mediated through a 5-HTIA receptor subtype.
Interestingly, the SCN in slices shows both late-day and late-night windows of sensitivity
to NPY-induced phase resetting (Medanic and Gillette, 1993). The daytime period of sensitiv-
ity to NPY is distinct from, but overlaps with, the latter portion of 5-HT sensitivity (Medanic
and Gillette, 1992b). These results are consistent with roles for 5-HT and/or NPY in nonphotic
(Mrosovsky and Salmon, 1987) and/or dark-pulse (Boulos and Rusak, 1982; Ellis et al.,
1982; Albers and Ferris, 1984) entrainment processes.

Next, we examined the hypothesis that levels of GAD remain constant over the circadian
cycle. GAD is the biosynthetic enzyme for the most abundant inhibitory neurotransmitter
in the SCN, GABA. Between 50% and 100% of SCN neurons are GAD-positive (van den
Pol and Moore, personal communication). GABA-ergic neurons, those containing GAD,
are distributed throughout the nucleus (van den Pol and Tsujimoto, 1985), and GABA
administration inhibits 65% of SCN neurons (Liou et al., 1990). The amplitude of the daily
oscillation of mean spontaneous firing frequency for rat SCN neurons shows an excursion
between 8 Hz at midday and 2 Hz at midnight. This may be regulated, at least in part, by
changing GABA levels, which in turn would be controlled by changing GAD levels and/or
GAD activity over the course of the circadian cycle. To enable us to evaluate this issue,
SCi I from brain slices maintained in vitro were rapidly frozen on dry ice, and the SCN were
removed by micropunch. Western blot analysis of the two major GAD isozymes, GAD6 s
and GAD67, demonstrated that both were present in SCN at the four 6-hr intervals examined,
and that the levels underwent a significant circadian variation (Richard et al., 1991). Whether
circadian modulation of GAD activity also affects GABA biosynthesis in the SCN is currently
under investigation.

The fifth hypothesis tested in this research regards the potential role of excitatory amino
acids in mediating the effects of light at night in this system. These experiments have been
addressed primarily by Dr. Michael Rea's laboratory, as discussed in Rea et al.'s paper in
this issue. Our laboratory has begun to evaluate the effect on the circadian rhythm of ensemble
neuronal activity of the excitatory amino acid glutamate (GLU). GLU (at 10 2 M in a 1-t±1
droplet of medium) was applied for 10 min to one SCN in vitro. Preliminary results suggest
that this brief GLU application can induce both phase delays and advances at night. and
strengthens the possibility that GLU may mediate the phase-shifting effects of light on the
SCN pacemaker.

With the finding that pacemaking properties reside in the VL SCN (at least), we can
proceed to focus upon the electrophysiological properties of this region. Differences between
the VL and DM SCN will be interesting to document. Circadian periods of sensitivity to
5-HT, NPY, and GLU, tentatively described in this report, differ from those we have
described for cyclic adenosine monophosphate (Prosser and Gillette, 1989). cyclic guanosine
monophosphate (Prosser et al.. 1989) and melatonin (McArthur et al.. 1991). emphasizing
the complexity of SCN regulatory processes. Because the SCN integrate most circadian
behaviors and metabolic fluxes, this research has basic relevance to understanding circa-
dian dysfunction induced by transmeridian travel and sustained irregular work schedules,
with application to improving human performance under conditions that induce circadian
desynchronization.
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S UMM AR Y

1. The sipi'achiasmatic nuiiletis (8('N) of the ht'ypothalamus is thle Jlriniarv
pacemaker for cireadlian rht Ii yins inl maninma Is. The 24 Ih pacemfaker is endogenous to
the. -WN and persists for mnult iple ce'veles in the suprachiasmat ic b~rainl slice.

2. While serotoni n is not endogenous to the S( N. a major midlhra in Ih*vpot halamin c
afferent pafthway is serotoilergie. W~ithbin t his ti'aet the dlorsal railbe iiiilt'tis senlds
direct projections to the vent rolateral port ionis of die -,('N. WAe invest igated a
p~ossible regulator~y role fo~r seroton n in the m1am in;al ian cireadil n s*vsteii b~v
examinling its effeet . when appl!iedl at plroject ion sites, onl the ciread ian rbvt hil o;f
neuvonal act ivit v inl rat -X'N inl ritro.

3. E~ighit-week-old male rats froin our in bred colony, hloused onl a 12 ht light : 12 h1
(lark schedutle, were uised. Iiy pothalamic brain slicies containing the pairedl SN were
plrepared inl the dayv andI miainta inled ill glucose andbiaont-t leete
balancedl salt soluition for til) to .53 h.

4. A 10 ml 11 drop (of 10 (V M-serotonin ii i-lVlrxtr jtUfiie(-[T reatinine
sulpihat e comnplex ) ilii mditii was a ppl iedl to tithe vent rolat eral port toil (If onie of thle
S( 'N for a) mill oil the first (lit v ill ritro. The effec't (If the treatmenemt at each (If sevven
time poinmts across the vireatlian cy* cle was examinled. The rhvty 11ini of SlI-oitaileotis
ileurona I activityv was re'cordled ext racelluln , v oIn thlet secotndl andI third days, ill rilro.
Phase shifts were (letermili((le by comparing the time-of-peak (If'nettroial activity~ ini
Serotoliiiii- c.inletia-t reat('( slic(111.

5. Applicat ion of ser( toni i during the subliject iv dav('t indivhi(' sign iticatt ad vanves
in the phase of the t'lectrica I activity* rh 'vt hllm (1 = 1I). TIhe niost sensitive t ime ofC
treatmen(it wias ("'T 7 (circadian time 7 is 7 It after 'lights onl ili t he animal colony).
when a 7-001 + 11 phase advance was observed (n = 3). This p~hase advaiicc was
pe(il)'ttilatet oil tla v 3I in rilro wiit bout d('ccmciviin. Seiotoniiti t reatl ivilit (durin~g the

sujective iilhad no4 el'c1iV on the t itfiuli (1f thle electitl act lii \ hth

6~. The sjleciticit v of I lhe w(1(11 Iil~-ii(lloicedl plias( change was aIsse'ssed by t rent int,

I~ ~~~~~~sml be \%14() 4 4flM I dII) tiv (45M4(
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slices in the samne manner with a linikrodrop of serotoniergic agonists. 5-
carboxamidotryptamine. that targets the .5- HT, class of receptors, or 8-hvdroxvy-
dipropylaininotetralin (8-OH1 1)AT), that acts onl thle ;--HT,, receptor subtype.
Daytime (CT 9) application of 5-cariiboxamidi~otrypItaminie resulted in a 6-0 +0-1 ht
phase advance (n = :3). while treatment (luring the subjective night (CT 15, n =2)
had littfle observable effect. Simiilarly. treatment with 8-OH DPAT at CT 9 induced
a phase advance of 6-9+ 01 I h (n = :3) in the rhythmn of electrical activity.

-7. These results demionstrate that serotonin c-an induce large phase changes inl the
SCN circadian pacemaker and that the 8('N undergoes endogenous changes in)
sensitivity to serotonin. 'I'le( data suggest that serotonergic inputs to t he
ventrolateral SC.N c-an regulate the( circadlian pacemlak-er (diring thle daytimue.

I N Till Cni'r ioCCN

Suihstant ial evidence pociil is to thle sripracliiasilnat ic nutclei (,S('N) ats the enilogenious
pacemaker that regulates the t imninig of miost eircadianl r-1 * t bins of behaviour.
ph ,ysiology andl met abol ismin i mainnma Is. 'l'llw S( N generate (ircadlian patterns of
neural act ivitv (1 nouv.e & Kawa intira. I 979) and~ gilucose uttilizat ion (Schwartz &
G~ainer. 1977: Schwartz. I )av idsen & SmnithI, 1 980) in various brain regions in vir o.
Near-24 It rh t hnis colin tine iii slirgicalII isolatedl S( .N hut are abolishedl in ot her
brain recgions by, deatlerent atic ni fromt S( N OInotinye & Kawamu ira, 1979). The nuclei

are( capcable of sustaining ribv \t hlliniit i yofenogenious neuronal firing ((Gillette &
P~rosser, 1988) and] pept ide secret ion (ELarniest & Sladek. 1987) for multiple cycles inl
rilro. uinder constant conditit ons clevoul of, all.\ ctn l tne (cies.

(.reen & G illet te (1982) showed that thle etidogenlous circad ian rhvtIi in of elect rical
activity, (mneasuired 1)' ext racclluilar recording) present in S( N of initact organ isnis is
preserved in S( N withinl a ll> pot halailcic brain slice. Thle waveformi and tile t iie-of-
peak lin this oscillation were foundi~ to be unaffected hY~ dax'-tlline p~r'eparationi of' brain

- slices ((Gillette. 1986: Gillet te & lRelcpirt, 1987). Thel( robust ness. inniforinlit and:
stalcilit ,v ofthle wavef'oriil over roult ipie cycles ill crid) permlit use of' t his oscillat ioh
to monitor' the linderlvinrg aciiyof the pcacemiaker in isolation from inputs andc
miodlifiers (Plrosser & (.ilelc'ec. 19S9). Wec used this ill ritro preparat ion to examiiiiic
reguilat ion (of circacliani timning by exogc'Iicccs scrcct cninl.

1Phot ic changes inl thne external world are pcriimalrv reguilatocrs ofl circadliaii tiniing.
Therc reti mo-bi:yp1 ot balairnic tract andc tilie genictl o- Ivjcothatla illic tract form the visu;tal

pathlway's of ent rainincivit. Tlhe re iolvcc rlnictract carrie's light infocrmiat ionr
(Ii rect Ily frcc thc rcetina tcc tilt, \-cnt rclateral piortijon ofl the S( 'N (Mcocre & Leonl.
1972). Althbough thli t ransmnit ter inl thle ret ino-hv1 yocthIalatiiic trtact has nict bcenl

coinplcelyidenifrtied, it is t hrciglit to inclleicce the SC N via the( excitatory amnorc
acid g~lut arIlate ( Lioli . Shin at a. I wasaki & V eki . 1 9S6 -. Cahil~l & Nlvnakvr. 19S74). 'Ubc

geniculo lialciii pcrcjection fccriiis, asc'Cccdar 'v visuliptfo ~ aea

gc'nictilatc' nicicnis tco tlie( S( N (.S\%;mrscoi. (Ccwacii & .Jonecs, 197-I: C ardl & Mooccre. 1982).
This trail aclsoc relavs ilifoirtiot iol abcocut thle lighlting regimle. hut is thoicught tcc Ic
rinvolveud ill meiic'clictug tOw cfficts of clark pullse's (llacriiiigtcur & lPcnak. HISS1).
Termii ia Is (ifl t is- uteri ic ci ciie Yc V cult a iii rg t ract are ccvc'rlcjiinig thicse c lit'te
ret inal pit wlw , s (C ard & Mccwnc. 1982: ( rcccs. Micsmci & HcIS'. 93).

Prccject icdris frccri tIhic miiilcllccu r;clclcc, ririclei crrril a clistilictjvc pcathIma. lcecc llrii! Icc
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the SICN. While the functional nature of these projections has not been elucidated.
it. can be hypothesized that they, play a modulator%- role. The raphe projects to thle
ventrolateral portions of the rostral 8C.N (Aghajanian. Bloom & Sheard. 1969; van
den Pol & Tsujimoto, 1985). as well as to the ventral lateral geniculate nucleus
(Moore, Halaris & Jones, 1978). Its serotonergic terminals in the SCN overlap with
those directly regulated iw photic stimulation. the ret ino-hypot halam ic and
geniculo-h 'ypothalamic inputs (Ueda, Kawvata & Sano. 1983; Guy, Bosler, 1)usticicr,
P~elletier & Calas, 1987). The pathwaY from the raphe to the SCN is thought to be
activated by arousal, possibly through motor activity stimulated by thle onset of
darkness (Mrosovsky & Salmion, 1987).

Serotonin is a wvidely distribute(] neu rotransrnit ter that in man , cases causes
suppression of spontaneous firing rates of neurons. This is true in the case of the SCN.
Stimulation of the rajphe in rviiY result~s in anl overall inhibition of firing rates of SCN
neurons (Groos et al. 1983). Simiflarl 'y. inicroionoflhoret ic application of serotonin to
the SCN has anl inhibitory effect onl the firing rate of the majority of neurones, both
in vilro and] in. vivo (Mason. 1986: Mevijer & (iroos. 1988).

Interestingly, 8CN neurons inl brain slices show a circadlian variation in sensit ivityV
to serotonin in terms of firing rate. such that the neurons are more sensitive to
inhibition of firing rate b)*y serotonin in thle subjective night (Mason. 198(6). Besides
the circadian rhythmn of sensitivit :y to serotonin. the SCN also display a circadian
rhythmn in recovery' from scrotonin. Mason (1986) dlemonstrated that thle time of
recovery after inhibhit ion of' nieuronal activit * y was longer when serotonin was
adlministeredl during the (la-time than during the night.

Serotonin receptors are a bin nantl ' N (list lr buted throughout thle S( N (vanl denl 1ol
& TIsujimoto, 1985). These receptors are c'apable of serotoniti retiptake in a tem-
porally delpendlent mnanner, with higher rates of i'cuptake (luring the subjective night
(Meyer & Quay. 1976). 1 utragastrie admninistration of' imipramnine, a serotonin
reuptake blocker, was foundl to lengthen and enhance the inhiblitorY a(ction of
serotonin in the S( N (Mci jer & Groos. 1988). St udies by Wirz-.Julst ice. Krauchi.

~~~ ~Morimiesa. XWnllener & F(''n (1983) (lemnnst ratedl that scroton in recepitors in the S( N
havec a temporal scrisit ivit v to inlwipanine bindling which peaks dluring the( night

p~hase in thle rat.
Serotonergie in puts are not reqfu iredl for Sust ain21ing end~ogenlous cireadianl

organization of' the p~acemanker'. Appllicatio lol(f w ovrjtnic ~hichi
sele't ivel ' lesions Ser-otonlengi(' inpu)lts. dloes tnot affect thle period of' osci Iit or' ill 1,111
(1-1onina. W~at anabe & H-i rosh ige. 1979 : Sinale. .1 ichels. NMoore & M1onrin. 1990). Also
compijlete lesions of' the' rajda' have little effect oIil the ('lit raitlallilit Y of the alnimal bY'
light (KRam & NMohcrg. 1977). [However sit nlies onl act ivit 'v-st ininlated phaise Shifts of'
locomnotor a('tivit *' in t he da .y (Nirosovskv' & Salmon. 19p87) and thle ('ir('adian natulre
of serot onin sensit iv it 'v in It he S( N suggest possible involvement of, serotoriin inl day -
tiniv regulation of thre (circ(adianl pacemakenr.

In t Iiis stimdv wed(it'e(t I te(st ed tile llypotiliesis that sevito (liii has a regulatory rol(e
in thle S( N. Seýrotoniti wa's brtiefl\'* andlfocally' applied to thel region of' raphe itijilits

to the r'at S( N mi brnaini slices. Kff~iects of serototliti applicat ion at differ'ent p~hases of'

thle ('il'adliati ('v'(e were( (l(tet'tilledl bv tn('asurting thle r11011t oii(f neuronral act ivit v
onl t he se'ond~ and~ t liit'( ila v after' t teatlmerit. The Sjpeciticit \ of't lie set'ot(Iliitt- induct(ed

plhase shifts was ass'5esse bYV tt'eatnivrnt withI agotrists 5-cal'loxya mid(t rY '\' llttiiil(, and~
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8-hy~droxy.-dipropylamninotetralini (8-Oil DPAT), which are specific for.5-HT, and 5-
HTIA receptor subtypes. respectively. We found that serotonin has a strong phase-
shifting effect in the middle of the day, but has no effect when applied during the
night.

METHODS

IPremixcration of brabinslies

Male Lorig-Evants rats from our inibred coloni'y were used inl this study. Aniimial care and braini slice
preparationi were performed humaniely, inl accordance with guidelhine from thle Amlericani
Veterinary 'M.edical Associationi. Thre animals were kept onl a schedule of 12 hi of light. and 12 It of
darkniess. with food arid water available ad libitcim from birth to 8 weeks, wheni theY were studied.
The ainimals were killed (luring the 'lights onl' pieriod of the 24 It cyc vle. 1-10 It blefore serotonini
ajijlieatiuii. This was liecessaryv to av'oid phiase-shiftinig effects which have [beeii showni to occur
With mlanlipu lat ions ill the night-time (Cillette. 1986). The anfimals were geiitlY initroduced inlto thle
gui I Ict inc. decap1 i tatecl. anld tilie brai ii was quieki I v dissected from thle skull I. The bra in was thenr
manually sectionied to form at hlock of tissue conltaining the hcvlothalauiic regioli. This block cof
tissue was t ialnsfcrlred to at niechaliva i c tissue choppe'r where 504) pin iii corolla I sl ices were miade.
The 1y I ccthl nIaminic sl i ces conitainling thel S( N (clearly v isiblec mider the miiicrocscope ) wer, reduic'ed
(elel furthe uincideir thle iiiicro seolS' by~ vittimig awa ,cxwes1 ,~~ hyjstlhillailic' tissue. anld their
tra isfcriec ic to tlie bra iii slice d ishi where t heyN were mlain ta i ned for. uip toi (I, days. '[i is Ipro c'edIure' was
performed withini)in 5 inf fro m the tim on f (lecal itact ic c to) avoid~ dlcvt'lc llie of ci'rrevecrsibIle li.'lXxic
cc mdit iccis. A d iagrami of thle hvjcot ha hilinic brai ii slice used ill t Iiis stuid 'v cen bile seenl ill Fig. I.

The Ii a in slice d ishi. ('( Isist iiig (of anin hiiler allot anr outer chs mu her, was mncdcldled after H-Iattoni,

Do1 rani. Sahlin & Twieec I e (1 980). The ciuter 0 chamibesr. at water- hath tchat Ipro vides a volstanut
eli~iv-ircccimcit foir the slices. was filled with (focilble-chistillecl wate'r wai'mnc'c tcl 37 0(C and bobbledccc withI
I 1ý '' 'r ( '()2 to providle a moist . high-oxy\gen atmosphere at the surface cof the slice. Tile iiincr
chainel w cr~as miadIe iil (if a ('entiral ainot aii oiuter well-I that were ccint in unuslY lierfused with
s11111'iiei eoleld salt sol ut ic tii t a rate (If :30 mn /li. The iiedli umi conlsiste oc (f Earle's Baaniicedl Salt
Solution (0-2 g/l ( '12. 0-4 g/l K( I. 0-0977 g/l MgS(, 6- (8 g/l Na(l mi d 014 g/l NatIX0 21O4I' (
GI ll '). s1111 leiiieii te'i withI 24-6 in m-glue ose and 26-2 nmm- Na HC(')3 wa riied inl a reservoiir to

39u T at a pH (If 7-20 anid oixv*genciteol Ii' a gas mixture of 95% ()2 noll( 5% (CO. (which adjusted
het( p H at 7-40). Th'le tempIeiratur oii(f, tie( rmediuimi a'ou rid the( bra in slices inl tilie cenltrin wellwa

''lleic slices were I laced onl c fibrime mieshi (MNr C offee k filter) t hat covered the cenitral well ccf thle in ncr
cli cciii Ici' tl'le dIishi. 'l'lic' miediumi level was adljustedc toc (ccin upc auc I ar uic n till-' tissue tcc hatIhe

- ' . . ~tithe sl ice's withInout fotic ci ig them: tilie slices restedl at thle i riterfce oif' t be medium iawul tilie
atmicspherei'c. 'Flit, t issue was illuminiatcec bY at fibre-clht ic's lanilp ithrocughcout the 'xper'i mc'iet.

Excpc'rimefdcc ca eti i/

Seiotonii (-h~clrccx'trv;ci ii i' rea tin icc' su Ip hatec. Sigmna. USA ) of cer s ictcincrgi c agc Iiiist s. 5-
c'arbccxamn cotr ,'vytauiiue (HIlT) arid 8-hl *cyd'cx v-c ilircclila ili cctc't m'alIiil (8-04- )H PAT. BIl), were
aipjlic'c to lIhe venit roclater'al pocrt ciil of' ciiie of' thie pcairecd S( N ill I lie slice (Fig. ). foi' 5 miii at
va m'ccccs t cicces acrco'css I hec c'irc'adian c'~c'lc. Fifteo'n muimutes liefocre the( I mint ucit.a 10 ' mi -scilxit ionl of'
sc'i'ctoccicii ill supplmcceni'itecd salts mcecdiuim was priclccreil. amid warm'edcc amid ccxygenatecd tor -2 min.

Sialmdmcoiet's, tl = 2 i)wc'ie smoiicsc1t , tic'e-pcclishiiicg the lImpng d m. Icack.-tillcI mwithI

Ilic' 11) ̀  Ni-sc'i'ctccicii 5(11111icci. andic tittedc iiitcc theec'nc ccl' I Ill lc'iigth Iicf'I'e-flcci tbiluiig. T'hec nklciimg wils
filledc wcithi cdistillced wcater famid cittic'hc'c tci a s *'rimige. Thic' mnic'm'llcipcttc' c'cimlcic'tdc tci t his clclic'em'Y
ipajccratus %%-as fittedoI ciic rinic'oi'ccciiilccctccr and acdvancecdc. under miicr'csccpic' guidanlce. cunitil it
was abccve thic Iclace cc~l' llivc'ry. nil thle v'c'itm'cilatc'rcl S( N. Pecrfucsionr ofl' muc'clicuc throlccglicuct I lie
chambi %iIci as stccppcecd. A miiiic'rccl'c was crmeatedl liv pressing coml ownci the s ' v'icige 11clumcgc'r tcc l'cr-[i
acif drop1 4 /til ii i catmeter. aiicc thenr geutit v~ plhiii lg hack to lci'cc'c'it thce clu'ccfc fro'cm c'iilargiug fcirthIc',.

To'c clclivc'r the ucic'c'ccliccl thic' icicc'pi'clilcti was aclvamicucI uiitit tllc, dropl mcadec coccntacct with Iithe
suricechcc ofi the slicec' A'f'tcer 5 mimii. the slice was mnamccallY' rilnsc'c with flic'cliccm ill a cljrc'c'tciil ciwaY
F'r'cni Ilice rest (if' t he S( N (se'c Fig,. I.

Te'cst iriuis priorl icc th ai'cctcual cxleri'iieiits were' pcerfor'iied withI (1-' I % Mc'thIylccic' Blue ill ilicliuni
tcc cetlc'cu'cizcc' tlic' c'Xtc'mct cc'dcccl sjcrc'cclig. Theccsc cduccpc wcrce c'cucicic'cl ic ai smcalcl acc'c' \\ut ciii the
vcmct c'clact'ccl u'c'.gicci c) (Icc' 1 4 li, N. The. c'mt jimitcc vcolcieioc' cit Ylcicci) mcic'rcccrccl \\ s :1 x 11) " fill.
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This was calculated fromt the volume of a spherical drop with a 3-4 ,um diameter. This diameter was
directly measured by anl ocular micrometer on test drops generated with a similar p~ressure to that
in actual experiments, from silanized micropipettes with 2,urm tips, and is representative of the size
of experimental mnicrodrops. When the microdrop touches the surface of thle slice, the serotonin
becomes diluted immnediatelIy. Thus, the effective concentration of serotonin at the receptor sites
is considerably less than 10' mI. but cannot be determined directly.

oC DM

500jupm SCN

Fig. 1. D~iagramimratic illustration of the microdrop application technique onl a 500-pin-
thick coronal hy pothalatiei brain slice. The sulirachiasmratie nuclei (SC.N) are located oii
(either( side of' the third ventricle (VTIII) and dorsal to the optit c clijasmn (( )(). The
1-iercioJpi pttt e is Ipositionied tIi rect lva hove the vent rolateral r egion of (ont' S(N (VI, d tenotes
veilt rolateral. andI D.11 dorsornic]ial ). Arrows inid ica te the dIirect ion of miedia flow rinsing
the serotonin treatmient off the slice'.

Agonists were simiflarly applied, at 10-6 m conicenitrations. with the only pro.edlural difference
being that thle 8-OH I)PAT solution was made in uiioxygenatedl solution due to the instability of
this agonist in oxygen.

To verify that tlie obs~erved phase shifts, were due to serotonin t~reaitmenit rather thain the
inielhanical or thermal pierturbations during treatment, explerimental treatments were eonilpared
with controls iii whic lita in ierod top of med iumi alone was appllied in thle s;ame- wa. as in) tilie

* ~exilsriments. to the veiitrolateral portions of oiie- of the SC N in a brain slice.

Electrical recording techiniq1 ue

fin ordier to (list ingiiish the effec'ts oif t he t reatmien'it oii th pacema ker from actei( effects o)ii
neu roiia Iact iv ~'i v. i'st racellIn a r recotrd1inigs of sp on taneous nieu ronalI act iv it~ were iniit iateid withI thle
oniset of whIiat woul beI i the subject i ve ia ' in the rat, onl the 5('('(tld anti thIiird dyin ritro . This was
11I-50 ht a fte'r ahpplicat ion idt hi' mincrsl riq o f si'rotoiiin to the SC N. We hav'e I oev iousl 'v e'stablIished
that the N 'N inl br'ain shik- gener'ates at voinpleti' sinusoidal oscillation iliil( tf iring rate of the
enlsenli Ie of iieuronls (G illette, I 9M(). To facilitate recordinig foir long pe'riods. onlY that port ion of
the dav surrounding thi'e expecited't aiid] anticipiated pe'ak was s1tidied.

A silveri ch Ii ide -tiati'd grouind %%i-( i \e was placedl thr iough thie filteri ini'sli whi le glass
in icroe lect ri des (tip = 2 pini). hack -fillet with 5 M-.iNat ', were used to record elect ricial ai't iit 'v. Thei
re'ordli ng elect rode was fit ted inl a in i(i'iman ipuilator and positioned over thle slice so t hat it was
in ton tact withI the su rface if the tissue. A Narash ige INIt)-8 hIi ydra ti Iii miciirod ri e wuas usi'd to
furt her advaince thle e'lectrodeIi thIirough thi' tissue. The signal picked ipl I)Y thle recio1rdinig iel'ctrode
was ampii f d ied, lilt ered (I auld pass. 20A)- 2(K81 ii',) antI display' ed onl at 'et r oiix oscilloi scopeit. tusinig a
'A'14I- 121 window discr iminator to) isolat e sinigle cellI act iv~itY . A sign al- to -not ist' rat io oif 2 :1 \%as thle
in ininiuni riequiiremenit for discrimin at ing a vili . 'rbe single-cell act ivit v was riecirdehd bY a sp iki'-
frequeni *cy ciiii ntiig pr gra iii on] a C onmmiodsori' toniputter. CellIs were' mnitoi tired ftor two 1 201s trials
whi'rie tilei fi rinig rati's o f 10 s hll s were averiaged to dtterm ille thle nucval fii rinig rate Ai' ofthle unit . Oil
avi'rage. four to six ce'lls wiere sample ilKi't J hiouri, with a recording tinm' of'8 12 Ii providing at total
of fort v to seventyv units of data with which to assi'ss the SNelectrical activityv rhyth11il for each
peak studied . Ne'uirnial activitie's w'it' samiledit at raiidoiln tlirotghloit thile S('N. Pre'vioius stuidie's
have slio\n i that ilit' S( N fuinctioins as it coheirieit pavi'oakt'r with It aunifoirmu rlivt lii of elect rival

-'1 2
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activity measurable in both dorsontedial and ventrolateral regions (Tcheng. Gillette & Prosser,
1989). The recorded firing rates of individual cells were averaged together and 2 hi means. with
15 miln lags. were calculated and plotted. rhe timie-of-peak. defined as the circadian tirne at which
the 2 li mean of the firing rates of the sampled cells reached a s *mnmetrical maximum,. was
determined. The experimiental time-of-peak was compared to ilicrodrop controls in order to
determine the magnitude of the phase shift induced by the experimental treatments.
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4.]
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Fig. 2. The SCN sensi tiv it vto phase shifting hv serot on in (hanoges over the course of the
da , v. .4 . slices treated with ait microd rop of mied innm at (T1) on day 1 . Rhythmn oit
endlogeii( )s neuron a activity onl day 2 peaked at ('r 6-9. IL slIice( treated with a m icrolrop
of 110' A-serotonin at (CT 7 onI day 1I. The peak in the rhyt hm of electrical activitY onl day
2 wa phase,' advianc(d 7 h t 1(T( 0). C. slice treate-(] at (1' I19. oiii day 1. The I k (o((uined
at CT1 7 on day 2 which is overlap141ing with the peak in the rhytfIiin ol control slices.
rep resen t thle :2 Ii iiiea us + .1K. i. pilot t ed with 1I1 hilgs. (itthe r-C iNlei n eu roni a activt lv
rh-N thin on the secin mi iaY~. The vei-tical I ar indi icates the( t ime of 54-rito(n in trleatmen11t a 11(
the initerrupjtedl line iniciiates the t tue-of-peak obhservedl ii unt reated slices. The
horizontal stippled b)ar indlicates, the 1 ilne of the idonor's subjective nlight ini the cohiii.y
Arroiws, point ouit the time of'slice prepiaratioin.

11 -SU Li'S

C ontrol c.1xp(riml'nts

Bec-ause the t i ui-oI- J wak of elect rical act ivity inl the S( N is htighly pred iiiable
betweenl expierimntits and stable over t inn' ill vitrol ((C' 6-9 + (2. n 8. P1rosser &
G~illet te. I 989). as well as easY to visuiallY (lieerit1. we Ilse it to mar11k the phs of thle
uiiderlvingv ci'cadtli jiacenla~ker. In the presenit series of' experilnielits. tble timei-of-
peak foir iuntreated S( 'N of'rats fr-ont our. inlbred colon ,y ocen-Ir .ed It CT(H16) + OA' 01
:1). whicht is, ill agreemlent wtit h hirevioitsl 'y repiortetd results. Inl the inlicrodroli ciintrols
apiplied at (1' 9. the time-of-peak was at (C'T 6-9+0-1 (11 = :3. Fig. 2.4 ). which is
ident iial hi the established peak tilties fot tinticated SC N. This dclletoitstrates ¶that

lie Ilitiroilroi t('ilitiuii didi not. ill itself. catuse phatise shifts.
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4

Serotonin experiments
We found that serotonin can affect the SCN pacemaker. Single-unit recordings of

the population of neurons revealed that when a microdrop of serotonin was
administered in mid-subjective day on the first day in vitro, the peak of the next

8
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Fig. 3. Serotonin itidiiccd Iarlnalient phase shifts j� vitro. .4, rhythm of eiidogenous
neuronal activit�' recor(le(l on day 2 after treatment with medium on day L I), localized
aJ)pli(ation of serot(inin to the �'entrolateral region of the S('N slice at (1� 7 resulted in a
71) h lihase ativance in the rhythm of electrical activity (in day 2. C. rec(ir(hing oii day 3.

� . '�-.*.*.*� � in a sejiarate experirnelit. fohlowiiig treatment wit Ii serOtoliili at ('1' 7 on d�i�' I. ili(licated
a 711 Ii thase ad va lice. 'lii is is overlaj )J i ng with the mcan jiliast' advance Seeli on (lay 2.
* represent the 2 Ii means + s. E.�l. of the recorded neuronal activit�' rhythm on the
se('oli(I alit I t lii 1(1 tlav . The vert ica I hal' i 11(1 cittes the t 11W tif serot (liii Ii t i'eat nwiit aiid the
nterru itet I Ii lie i liti icates t lie t i me-of-js�a k oliserved in cont rtil slices. The horizontal
stipj det 1 liar 11(1 ica t es t lie t Ilie (if the tlt iners ii ight in t lie colony Arrows 11(11 lit (IiIt t lie
time tif sI (� prey ia rat n iii.

day s rhyth in of' elect I'ica I act iv it v was significant lv a(lvalicc(l . After a a nii n
apJ)licatioli (if serot on in at ( T 7 on (l)t�' I . the t ilne-of-jicak ocellrred at CT 231) + O* I
(11. = 3) on day I. i'at her than at CT 61) + IY I. the time-of-peak on day 2 ill cont tol
slices (Fig. 2R). This is a 71) + () I h a(lvance in the lietlronal activity rhvt 11111.
Statistical analysis of the tlata using Student s I test. which compared the time-of-

I)eak in seroton in-t reate(l slices to that (if control confirms that t lie effect of serotonill
at CT 7 is significant (/) < O*(X) I). In a sel)arate ex lien ment . t 1w electrical act i � ity

rhvth in was recorded on day 3 after scr(iton ill treat melit on day I at ("1' 7 ( F'ig. 3).
The peak a ppea red at (1' (I. 231) Ii after t 1w lwak on day 2. and still ati �'ancetl in



636 Al. MEDANIC AND 31. U. GILLETTE

phase by -7 h. These results indicate that the phase change due to serotonin
treatment at CT 7 on day I is a permanent one.

Administration of serotonin in the subjective night, however, had no apparent
effect onl thle rhythm of neuronal activity onl the second day. After exposure of the
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0 4 2 16 20 24

Circadian time (h)

Fig. 4 Phase- response cu rve for serot0010. The xr-ax is dlenoteCs ci rcad ian time (WT) of
treatmlent (h) anld thle Y-ax is nd ieates the average manighituode and dIirection1 of the
serot onll inditid ued phase shitift (Ii). The magn ituode oftIhe sh ift of thle time -of-pe-ak of thle
electrical activitY rhYthmn was determined inl relation to time-of-peak- inl slices t reatedl
with mediuim. 0 repr-esent the mnean ± S. E.. phase shift. The subscript number is thle
numiber of experiments performed at a particuflar timne point. The vertic-al bar denotes the
time of 'lights off' if) thle colonly and the horizon talI st ippl ed hall- indicates thle fl ight.

SCN to serotonin at CT 19. thle peak in activity onl the next dlit\ was at (C' 6-7 + 0-1

(It =3. Fig. 2Ci). This timel overlaps w'ithI controls.

Similar measurements were made after a minirodrop of serotoniri w~as appl)ied at one
of three ofther timie points (luring the suibjective d .C 3 (it= ). 5 (it= 3). 1)(it
:3). and( twot other point~s dutring the subjective flight. C T 1:3 (ti = :3). and 21 (n1 2).
A phase-response eturve relating thle eircatlian timie tofscrottonin treatmnent tto its efleet
on) the phase of the electrical act ivity rhYthin is seen il F'ig. 4. Treattment with
scrot niiin inl tith subjective (lay-timen re:stil~t ( if] robtist . Jiersist en t phdase adlvaneces inl

li It-Ofhvt hni of neuronal activity. w~hilec it had no effecct onl the pacemaker inl the

sub lject ive flight.

Aqot ixf exjwrinoriis

.)-( (rboxru mI idol rpt/Jtal mifl

'['reat mciii of slices with 5-ciarhoxim itlldot r , ypfamilie. it serotomiergic agonlist specific
for- thle .5-1l11 re(-ep tor sutyh pe (PIerout ka . 1988). resulted( inl t i Iinc -deplt edemif diase
shitifts inl thle r.1, .lvt b of, tieuronal act-iv it ' y. Wheni adiniiinisterc( durinig t he' tav, at CT1) .
a t inci whenl seroton in iii(1 need at 4-6 It phase atlvance. 5-e-arhoxamil idot rypt am ince
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caused a 6"0±0-1 phase advance (n = 3. Fig. 5A). Conversely. treatment of SCN at
CT 15 had little effect on the phase of the rhythm of electrical activity (Fig. 5C). The
time-of-peak was recorded at CT 6"5 (n = 2) which is near the control pcak time.

8-OH DPA 7'

Treatment at CT' 9 with 8-OH DPAT, an agonist specific for the 5-HTA receptor
subtype (Middlemiss & Fozard, 1983), also resulted in significant. l)hase shifts in the
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. ...... Fig. .5. Srotilrg ago ists phasi-shift the rhythm ofAehtri.al a-tivit Sty..4 silce ttiatel
"at (rT 9 oli dIaY I with 5-(.alrl hai d tlltaIit . Ti tim(-of-peak o(I da 2 (loccurred
6"5 h earlier than ill (contrl slices. B. slice treated at (C' 9 (oi day I with 8-()H 1)1']AT. The
iak ili the rh 'Iyth1m of elh(ct ric(al activit y. rec(r(ed oil day 2 was adva.,ied Iy 8 It. ('. slice
treated oil daY I -with 5-(.a rloxa ilidot rypta il n at (CT 1;5. The tinie-of-]m.ak was recorde'd

at ('T 6(25 which is over'lappiing with the ratnge llo fliak tities ill c('tlist ,1lices. 0 relptrv',-t
the 2 h Ilwalis+s.t. N iM. oi tle rlecr( ed liei h llinial ac.ti'it v rh t iini (ill ilth se .e.llil and third
day. The v'ertical alar i(li.cates the ttilei (If' ske-l-ltllllli tirtat iiettt alnd the illrterui'pted Iillt'
indicates the intl-lI'--peak 14slerv'i'rel ill slices tr eatedl with tiie(liitiil. Tlilh liitizontal
stipledi ( baril indic(ate's the• lil ' oif" the' olilior's nighth ill ill(- (ilolillS'. Ar.lroi\k', po~int llit tilt,

t il oflit slice I pllipr ltrilt lli.

rhylvthnil lf Iitneui'nolaI act iv'it ,y. Tll(' t ilule-(f- pezak \l',s ,hser\'ved Iit (t' (C'( 0- ( 01 (it = 3).
inic~i(ating it "7 lI i)]lili.e( advance(. (Figr. 5B).

()illr re(S.lts lilt the skili'achia.•sinat ic slice preparation delllisll'ateli thalt seotollnill
ca.n wilt ]irll lv (1 till' S( 'N to change theih lillls' (If t he Jllci'('llllk('l'. The i'l'esolise('s iti
thc' liliie l•(oinIl. tested'( Inicili'i e that SUN'% setilsiti\'ity toI ,scro oi'nll l rn'has.d at I'plit,•
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projection sites is limited to the subjective day of the circadian cycle. Serotonin
treatment onl day I inl vitro phase advances the rhythmi of neuronal activity within
the next 12 11 so that the peak appears earl iy oil thle second and third day. The stable
phase relationship between (lays 2 and 3 suggests that fthe, pacemaker has been
1)ermanentlY r'eset 1)' thle brief (5 mmi) exposure to serotonin. The changes in the
phase of the p~acemaker were also shown to be serotonin specific, as demonstrated by
the agonist -induced p~hase shifts.

AnalYsis of SCN in tile brain slice, where it is isolated fr-on modulating inputs and
feedback loops fromn other brain regions. permits direct assessment of properties
intrin-sic to the pacem'liaker. This approach therefore p~rovidles insight to the basic
characteristics of the systemi. The pre~senit stutdy suggests that seroton in c.an miducec
7 Ih phase chianges in the piacemnaker. should the other inodulatoi'Y pathw~ay's be
absent. While such large phase shifts are not uncommonly' observed in thle slice
p~reparat ion (cyclic AMP induces .5 h1 phase shifts. P~rosser & Gillette. 1989; K
induces 6 11 phase shi ifts. G~illet te. 1987). shifts of mnagnituode have rarely been
reported inl rivo. where the mnagnit ude of the eflect of a 1 11 st i in i Ius does not exceed
2 It. Ini addition to the differenve in Inagnit ode, phase shifts inl viro (differ inl rate. We
have not observedl transient changes inl tile phase of the rh v.\t h in of electrical act iv ity
over successive day - s inl ritro (Gillette, 1987). Comparison of (dat a sets ind~icates that
the pacemalniker canIl he reset directl ,v andl ralpidlY Inl ri/t~o. but that inl rivo it is modihied
by fill ner-omis mtllulatorvY iilfllieil(e. anld feedback liopssuch that the piase' shifts aire
dlainped in inagnit ude and r'ate (as in IDe(ouiisevy. 1 964). From thef( massive size of' thef(
seroto(mii i phase ad vance relative to (lay,-act llg zcit gebers ill rilco it follows that
potent inert ialI forces noli'na llY act to slow% the size and rate of thiechange. H-fowever,
thle fact that this is one of the largest phiase adlvanices that we have-( found amiong
atueits stud(1ied inl vitro mnav also be af reflect ion of the strength of this pat hwayv
relative to other modulat ory formes acting in the samne time (donmain.

WhIileI thle effect of serot (in iniimjec'tion into th 1w N ' ill 1-io has not vet beenl
examiinedl. indIirect evidlenee suggests that ,;erIotoillergi(- path ways Inay, stiimulate
phalise Shifts in behaviour in thle animal (diring the (lav intiv. Forcled activitv in thle
middle of'thewday faci Ilitates emi t ra in inenlt of main ma Is alto novel lighIt~ dark sc:hedutles
(MrosovskY & Salmon. 1987). Hainsters that we-re confinmedl to a runnling wheel after

b~eing exp~osedl to aJphase-altered lightimng 'clieuler-nrildIl hntiea
i'apidllv ats tundistuirlbedl aminiiils. Fum'thiei experiments kiidicatedl that hiamlsters
iund ergoi acc'elerattedl phase Shifting by behlav i mtral aoiaI. Y f~rced 11-tiv ity or
social interact ion at mnidlda v (Mrosovsk '\. 1988), a t ine \\ licit serotonin induces pihase'
shifts Ill vitro. The phiysiolmgical inec,(haiisii byv which nion -phot Ic sigiials ('lt raiin thew
SN lN as iiot vet been'i deteriiiniedl. Niihoso\-sk\: (1988) has hypothesized that state of'
arousal is (.oiiillinimiiict('tl to t he N N via scr1otolie-rgit pri~jet'tions froiit thei( rajilit
nutclei, O ul (data lend stippoit to this iiotioln.

I utct'metiiugly. the -S(N periodl of' s('isil ivitY to Sci'otolili oveilapts the period of'
st'iisit i'it , ty to i( -UP I. Applicatloll of Cclic :VM Ia nuloguies resiilted l phas
advyaiices Inl t lie Ofli \Vthlm whenl aplulied ill thle siibtj((tivt' dauY (CT'I :1 11) \\tit ita peak
"selisitivit v betweenC(1 5 ant 7: t i('iit iniit ill thlt'suiljet ivo night did nlot significant ly
affect t 1w Ii'l\.vtbin of, elect pica activitY (G illet te & I rn sser. '1988). Similarly.
admllniiiit at ion of subs)tanlces th1at t'elt'vtt flt'e t'liltt).'lmist levels, oftci AM 1P
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j (phosphodiesterase inhibitors that prevent cyclic AMP breakdown or stimulators of
aden late cyclase) altered the phase of the rhythm of neuronal activity in a similar
manner (Prosser & Gillette, 1989).

Extensive research on the organization of the endogenous piacemnaker in the eye of
the mollusc Aplysia has led to the conclusion that serotonin p)lays a regulator~y role
in that circadian pacemaker. In vitro experiment~s with the Aplysia ocular pacemaker

(Corrent, Eskin & Kay, 1982) have demonstrated that serotonin acts as a strong
phase-shifting agent. through a sequence of events separate from the light
entrainment pathwayN. Bath applications of serotonin to prep~arat~ions of the isolated
eyes of Aplysia, for a minimum pulse of 1-5 h, resulted in phase. advances of 3-4 hibetween CT 5 and 11I and phase delays of 2-5 h from CT 22 to CT 2 (Corrent. Mlcadoo
&. Eskin, 1978).

Phase shifts similar to those. induced by serotonin were stimulated by cyclic AMP~
and its analogues (8-benzylthio-cyclic AMP) in the Apl~ysia pacemaker (Eskin,
Corrent. Lin & Meadno. 1982). In addition, administration of phosphodiesterase

*inhibitors (3-isobuitylN,-1-mtethylNxanthiniie. IBAIX. R020- 1724 and lpalav'eril1(1 that
block cyclic AM P breakdown resulted in serotonin-like phase-shifted rhYthmis (Eskin
el al. 1982). When the phosphodiesterase inhibitor w~as administered simu tlt aneously*
with serotonin. no augmentation was seen suggesting that c-yclic AMP~ andl serotonin
were acting through the samie p~athway (Eskin el al. 1982). Additional support for this
proposition comies from the finding that serotonin produces changes in the
enilogenlous levels of Cyclic AMP in the eye of Aplysia (Eskin et al. 1982). Further
step~s inl the serotonin p)athw%%a' have also been st udied. Thel( protein svntt hesis.
inhibitor, anisoinycin, blocks serotonin phase-shifting after the cyclic AM P) Step
suggesting a requirement for snhis of a specific protein or increasedl levels of'
certain proteins for the cyclic AMIP effect (Eskin. Yeuing & Mlass. 1984; Yeung &
Eskin. 1987).

Comparison of our results in rat SCN with the sensitive cir('adian pe'riodls in the
.<, .Aplysia ocular p~acemaker reveal a surprising correlation. Thel( sensitive period of'rat

SCN to p~hase adlvance b)*y serotonin is CT3 -9: th~at of Aph/saw eve is (1'5) 11. This
temp~oral correlation of ci rcadian p~acem~aker sensitivity to sci'otoiiin- and(l yclic
AM IP-induced~ p~hase sh ifts in such phylogenet iia~ly d(istadnt organlismls suggests
conservation of circadlian pijacella ker mnechanismns.* Thel( miaximunilphase shifts

observed in the rat (7-0+±01 I ) wvere significant ly greater than the 3-5) It phase' shift
in Alphj.,ia (Eskin el al. 1982). The treat ment timies that we uised were also more than
an order of a muagnituide shorteri. 5 mini vs. 1-5 h. Thel( ine(han ismin undcrlving these
iliflei'enceis inl seiisit ivit v is unlcl(ar. but suich dlifferencees are characte(ristic of, Ilhe

re'spect ive senisit ivit ies of' these t Vo( organisms to othenr ci readlianl p hase-Shift ing
Stimuli.

Thle 1)[~11W shifts observed after t reatinlent withI serotoliergic agronists suggest that
a .5- Il'T, reeeptor ma1.Y be involvedl in inedliat ing s('lotom('rgic signals to the S( N.
Neit her deil'iit ive classificat ion. nor0I'l 1ici(t ioiliiI and ailatoifli('al (list ribuit ionl of thbe

seint on('igi(' rl-ept' Pt 01-ntpes present in thet S( N hlas been detec11iit'l.1w-Il

reetr comprise at fhinlilY of' receptor SiiIt *'lpes that are raliolalx'lled with 1:4115I I-
l1'l. The -5- lTI'' 1 receptors have been ident ifi('( by radiola ln'ling witil 1:4118 I-01)l
lIWAT (Middlenuiss & lFozard. I 983: D e V'ivo & Abaavani. I986). 'FlYay re a distinct
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group of recepjtors that work through anl adlenylate ('el'ase pathwayvl a nrumber' of'
sN stems. T1here is c'onflictinug e'vidlence inl terms of thle mechanism of act ion of thle 5-
HTA receptors. as there are somte rep~orts that indicate that it acts through elevation

It of evelie AMP levels (Mlarkstein. Hover & F"'hgel. 198(5). while others suggest that it
is negatively ,e oupled to c ,yclic AMP (Weiss. Sebben. Kemip & IBt)(kaert. 1986). Our
results not Only ('onfirmIl the speeificit :v of the 'serotoriin-itiduced phase shift., but also

vldspp~ort to thle not ion of a poissi ble cycl ic AM IP-eojipled mechan ism.
T1he effects of (I ijiazinle, a nltti-sp eci lie serotonergic agent withI rep~ortedl agonist ic

and antagonistic' effects (lPerout ka. 1988). have been testedl with bathI apphliat ion to
S( 'N-containing hvpot halam ic slices ( Prosser. Miller & Heller. 1990). Quipazine(
inducited more modest (4 hi) phase advances of S( N r'f vt tInIs inl the (ltlv-t i rut

comp~ aredl withI serot on in: treatmrient at niight induceed 4 It phiase delays. That stud v
5 diflered bothI phlarmIlavohgica llv and met hodologically from ours ilu ways that would

cont ributeit( t) lit-e differing results. It is surprising that the( hour.-long exposure of the
whole slice toia higher conicenitrat ion of,(it qrfa'/ine shouild produce sign ifican lt lYower1
amplit udoe phase adlvances t han a v'er ,v localized, brief application of at lower

* c~~oncventriat iou of serotorliri. H~oweve'r. arl extenisive r'aii&I. of, serotoini rtecee jor sites
and subtypes have bi~een relmorteti thlrouighout the vptaluic egiort includ~edj inl
the slice (Dlean. Millero DIemnent, 11)90) and all woulld he exposed to quifiazimied(irlIng
bathI apiplicat ion.

'l'igt hi't les t it5W id('ssugethtfat thevre imay he tt iograpilic vai'iat ions in thel
f'unct ion of senotouiiri evee tors ill thre SC N aind neatrb *v hv, pothlalainris. InI thedy

* Iillie quipazinle mlay have produiced dith'remrit ('fleets at thle various sero.(toiiiii receptor
* ~~~sites amid types that srrmiriied to danip~ tilie furlil shift indtlucible at (dorsal mralwte

but not scrotonlirtli'-l'ah~Nuiil *~r yplailire. It c'annrot lit' Xjlaiuieol li*v immstablilit ,
* ir~ft tile serotolniiu solution :si'rottiniii was apliedi't withil IS rminl tif ilrtiiuuiollr and 5-

i'arboxIIIx~ idi(Ot rypt' itly inc (. a s aana' uuologueu. pirodl iii't thlie sanile resporis'es. The

lintilng hlat phiase' delays st[- intrllihaterl ()Il\ \%-itl )Ii fui s l
p er'hiaps phiase delIays antd p hase un va ict's arte mediated thumtugbi difVo'u'cut Isat hwuu
iilt liev Iniarmnrniurlun u'in'u'urtiur svstcI'II. Scr'miiturimgit' piut hwuus thart ti'rnriinatc at
hyotalmi rer.n nrear the' S'N. hint do riot oiverlapj with till th nt into
livpot hualanulic. go'iiioirl )- h1\v pt uahla Illit- tm. raphi'l projectionls tol t11 vtv\'iltroluttrah 'NC

* wuium~ld bei canididates. This piovocat ivi' 11 , othlesis dcsu'nv's flmit hitr inivist igat tori
()nli study dennonist matts a ii iairyode' f,(Ir setrotorrir ill Ow fi'rat SU N. WVhii' t l14,

?,;htil).inipurt is not rIeuu'ssaurm, too sustain vcimeadiutni 'It;ythinuticitY l rito j ooIt mia'Y ltlav all
ut,..lverdeil l( temrirporuull tiiiauliiat ionl1 ohi lle ianruIllaliami cirecadiali Sy\Sterri.l

chiaimrgis ill 11)(0tor act iv'itv. \%urk'f~ilress andir )li Ilit hunflusi~iolmgicul ur i llilows. Ill t ill,
cnilurhinril s ,ti'iur st'r(OtIrII iimr l b tlou' n~ijlii' Inia.\ Si'i-' as ai iiuisst'iiger t di
rli1vt mlitiio l elurits il ti clt umirsul staui dti'tt mIli'uiuniul. St Iimllrlafiolli of tlie's4'rttt criiii c

vs\'ltidi1 lters till-' jolrusc' I&IIc paciul''rrik'm Ito ool~io, and~ it ima. fillict ionl simiiiailY IIt
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Q -Abstract. The central role of the suprachiasmatic nuclei (SCN) in regulating

mammalian circadian rhythms is well established. We study the temporal
eu, on,- -cc t v.A:

organization of neuronal propeities.using a(ypothalamic brain slice preparation,

4rem-r-a4 Electrical properties of single neuron-_s are monitored by extracellular and

whole cell patch recording techniques. The ensemble of -CN neuron-ds undergoes

circadian changes in spontaneous activity, membrane properties and sensitivity to

phase adjustment. At any point in this cycle, diversity is observed in individual

neurons' electrical properties, including firing rate, pattern and response to injected

current. Nevertheless, SCN generate stable, near 24tht oscillations in ensemble

neuronal firing rate for at least j days in vitro. The rhythm is sinusoidal, with peak

activity, a marker of phase, appearing near midday. In addition to these

electrophysiological changes, the SCN undergo sequential changes in vitro in

sensitivities to adjustment. During subjective day, the SCN progress through periods
C-C 1; r

of sensitivity toLFAMP, serotonin, neuropeptide Y, and then to melatonin at dusk.
cjC1 1;c

During the subjective night, sensitivities to glutamate,rGMP and then neuropeptide

YX are followed by a second period of sensitivity to melatonin at dawn. Because the

SCN, when maintained in vitro, are in constant conditions and are isolated from
uNr iký '5C4

afferents, these changes must be generated within the "1I cloclq The changing

sensitivities reflect underlying temporal domains that are characterized by specific

sets of biochemical and molecular relationships which occur in an ordered sequence

over the circadian cycle.
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The paired suprachiasmatic nuclei (SCN) of the hypothalamus are the seat of the

primary circadian timejkeeping mechanism of mammals. The SCN mark the passage

of time in near 24t cycles. It is here that entraining signals, initiated by
0 tC•-ý,0oc d --oo

environmental change,\ntegrate qnd-aet to adjust the phase of the pacemaker.

Efferent signals from the SCN organize and regulate metabolic, physiologi• and
S... . . •--. 041,•- c- ,•

behavioural functions that occur in circadian patterns. ýhil a numbcr Of thc paprcs
vi thAi 6 ... .. rnC ( 'r 61C

in this ýympsiu• l address aspects of the mammalian circadian systen n/organisn .
W•\&,'So, wc- csc'( oj $ • .SN3~#c""kýF-a' we zot. 4^1c. 5(N 4;64 ar6

•,tidies, this-paper-will examine pN •euronal and pacemaker properties/expressed in

a hypothalamic brain slice. Because our studies evaluate SCN isolated in vitro, we

directly assess intrinsic properties. We have found that the SCN is composed of an

electrophysiologically diverse group of neuron+ that function remarkably
I-,0r

autonomously: The SCN generate stable, near 24k-1fjrhythms of ensemble neuronal

activity in vitro and undergo an orderly sequence of changes in sensitivity to stimuli

thatLM4Aee phase just- et_ . The pattern of responsiveness to neurochemicals

known to be contained in SCN afferents demonstrates that\clock rga.iote is more
- Vyeys VS- 41ieyc is

complex than simply night vs day processes; rather, our findings suggest/a continuous

changing series of sensitivities to multiple phase-adjusting stimuli. This sequence

must reflect changes in underlying cellular processes, or temporal domains. These

domains are functional epochs, characterized by specific biochemical or molecular
40

substrates and their interactions, which are linked together enerati'ng the daily order

of the circadian clock's cycle.
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LA5~ c C- oýP~o44NJc'k-CC
The experimental system that we ,Ud* is keS slice from inbred Long-

-1 q-k old WV0CO'enlEvans rats 5-10,wl It differs from OtgaidiiStudies of clock function in several

important ways.First, we have dissected the SCN out of the central nervous system into

a 500/um coronal slice of hypothalamus. Therefore, the activities and circadian

properties that we measure must be generated spontaneously within the tissue slice. The

slice contains less than the 800 /m rostr#ýaudal extent of the nucleus; we study

properties of the medial portion, primarily. Itfbllows-th* any circadian patterns that

we observeýWeuld-b+ the result of activity in less than the entire nucleus and would

indicate that there is redundancy in pacemaker organization.

Second, the suprachiasmatic slice is studied in a defined, constant environment with

minimal supplementation. The fresh slice is placed in a brain slice chamber at the

interface of a moist, 95% 02:5% CO2 atmosphere and the glucose-bicarbonate-.

supplemented medium (Earle's talanced Salt S"0-ution, 37 QC), maintained at pH 7.4 and

perfused at 34 ml/ht (see Prosser 'W Gillette,, 1989 for complete methods). The SCN

are clearly visible in the slice, LfThis pennk& the investigator ýe- precise control

over the sites of measurement and drug treatment. The in vitro preparation thus has the

advantage of a high degree of control over the chemical and physical environment while

manipulations are made under clear visual guidance.

Third, the SCN that we study within the brain slice are removed from the influence

of other brain regions and humoral factors. After the suprachiasmatic slice has been

cut, the base of the hypothalamus is surgically reduced to exclude Isupraoptic nuclei,

5



Ciba Foundation Symposium: Circadian Clocks and their Adjustment
M.U. Gillette et aL

although part of the paraventricular nuclei may be included in the slice."a the third

ventricle is intact dorsally. Thus, in theprnt studies, the SCN are free of the primary

-- > brain regions that project to and regulate them, as well as)•eedback loops. Electrical

properties, spontaneous activities and sensitivities to chemical perturbations are assessed

directly in the free-running clock15with little, if any, contamination from signals from

other sites. Our measure of phase is the peak of the circadian rhythm of firing activity
problkb

of the neuronal ensemble, which most1k represents both intrinsic signalling and

primary neural output of the clock. Any circadian changes that we measure in vitro are
Vw kcc

those generated spontaneously within the SCN, that is, those at are components of or

are driven by the timeikeeping mechanism.

A primary property attributed to the SCN from organismic studies is that of

endogenous oscillation with a period about that of the day, Le., circadian. This
beco ,Ce / --- "-.-En

behaviour can be studi inrain slices(maintained under these conditionsFq they

.survive for at least • days in vitro. At any one time point within the daily cycle, SCN

neuronfs show diversity in rates and patterns of spontaneous activity. Circadian

measurements made with whole cell patch recording methods in the brain slice (Blanton

,e a 1989) demonstrate that, electrophysiologically, the SCN may be composed of

considerably more cells types than first reported (Wheal and Thompson•i 1984).

Preliminary determinations found that 75% of over 50 neuron s sampled were

spontaneously active, with firing patterns ranging from very regular to irregular random

and burst patterns (Gallinan and Gillette, 1992). \-hit neuron s of the various types

could be found across the circadian cycle,ircadian patterns of firing frequency,

6
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membrane potential and specific membrane conductance were apparent (Gallman and

, -- ? Gillette<1993). circadian changes in firing frequency of the sample

measured with whole cell patch recording resemble the sinusoidal oscillation recorded

->extracellularly for the neuronal ensemble ig. 1, Gillettet 1991): IIean firing rate peaks
0t- ,•/

midtsubjective day, alternating with a trough during subjective night.

The pattern of oscillation in spontaneous activity of the ensemble of single units
(ORRS CLI'tiVC h 1.1

monitored extracellularly is remarkably stable overfn*ltiple 244+f cycles, so that the

timerofrpeak activity is a reliable marker of phase (Prosser and Gillettey 1989). Despite

the fact that the tissue contains significantly less than the entire SCN and is maintained

in glucose-supplemented mininal salt solution, the period of the daily oscillation is near

2441. These observations reveal that isolated SCN are able to spontaneously regenerate

circadian rhythmic neuronal activity cycles('th only an exogenous energy source.

Further, because this occurs regularly in coronal slices which inevitably cut through some

Sportion of the SCN, the pacemaker-•ust-be-redu-ndan* within the rostr*.audal/SCN

(Gillette, 1091).

L htv,'o~r

A second property attributed to circadian clocks from tudy of /eh$ing organism4[s

differential sensitivity to phase adjustment. This was tested in SCN in vitro with
W (Ucbi f"MP I vC•, V4 ect

structural analogs of the ubiquitous second messenger (cAM•. hk-number-of 8-

substituted cAMP analogs, including 8-benzylamino-cAMP (BA-cAMP), 8-bromo-cAMP

(PBr-cAMP) and 8-chlorophenylthio.cAMP, when •baih applied for ý.4-,t during

subjective daytime, permanently advanced the timeno fjpeak neuronal activity; non-cyclic

7
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8-BA-5'AMP was ineffective (Gillette and ProsserA 1988K, Prosser-and Gillettb 1989).

When SCN were treated midday, peak firing appeared 4.5 hV before the expected timef

[c" futthe two cycles monitored thereafter. These analo•\Mer-e-ineffcetive-at
.V,\;fts \W IV V . iCCeLS

phasefaLustn*Mtduring subjective night (Fig. 2). likewise, 4pea s that l1

endogenous cAMP, such as forskolin or R(•"0-1724, were effective only in the daytime.

Conversely, Br-cGMP, a structurally related purine cyclic nucleotide analog, was effective
IN -tr, cOq 0*1i ) t'-

in antiphase to Br-cAMP and BA-cAMP; it adjusted SeN pase yýat nighttime (Fig.

2, Prosser et/1989.) These were the first demonstrations of not only phase adjustment

S2 in the isolated SCN, but also of spontaneous waxing and waning of one sensitivity

followed by another. With, these findingskpenistence- oýSCN clock properties1pn vitro.

was.estahlisched_

Both cAMP and cGMP are potent regulators of cell state. Their 8'-analogs are

exceptional activators of the _eti•ve/protein kinases regulated by these cyclic

nucleotide and • only slowly e raded (Meyer and Mille( 1974). Differential 0"
o4 A - C(oc0 r- V, ,

sensitivitytto each ver the circadian cycle may be modulated at #iuhiple levels. While'

the concentrations of theft kinases do•p not appear to change, the le4of their

regulatory cyclic nucleotides as well as the phosphorylation states of the kinases and

some substrates oscillate over the 24T) cycle (Prosser and Gillette' 1991yFaiman and

Gilletter 1992,Weber and Gillettey 199,2). The critical point at which these changes

adjust the clock mechanism has yet to be determined.

The identity of/synaptic neuromodulators mediating phase'adjustmcnt, including



Ciba Foundation Symposium: Circadian Clocks and their Adjustment
M.U. Gillette et aL

those activating these second messengers, is not yet known; however, A-numb&-of

eandtda-t-.- are ugge.&tediAfneuroactive substances Vocalized in afferent filI and t

those with ligandbinding sites within the SCN. Major projections to the SCN include

those from. (1) the dorsal raphe, containing serotonin (5-hydroxytryptamine, 5"IT; (2)

the intergeniculate leaflet (1& of the lateral geniculate nucleus, containing

neuropeptide Y (NPY) anl(GABAk and (3) the retina, via the retinohypothalamic tract

(RHT) 'fiberý containing a glutamate MaLUG I precursor (Fig. 3). Additionally, the SCN js

one of the few brain regions that bind significant amounts of melatonin M -) the

"indoleamine produced nocturnally by the pineal. We have explored the sensitivities of

the SCN to candidate modulators.

SNeuron of the ventrolateral SCN (<XI•SCN) of the rat receive serotonergic fib~s

from the dorsal raphe (Azmitia -id SegalA 197y, Moore e a 1978, van de Kar aad

0 LorensA 1979)1 as well as NPY- and 814 containing terminals from LGL and retina,

respectively (Card aad Moorex 19, Mikkelsen a,. O'Harey 1991, Castel et al 1993).

This indicates that the 1qI1ISCN inrat is a major site of signal integration; furthermore,
"" Y

because these fiber: types may synapse both upon each other and the same SCN neurone
"YIi -p h1

(van den Pol and Gorcs, 1986, Guyet q14 1987), this integration may have both pre- and

pos_ýsynaptic components. Cognizant of the localized nature of the~projections

terminatii n-sitea we designed these experiments to examine the effects of localized

application of test substances in microdrops applied directly to'VLSCN.

Both 51T1' and NYP adjust "-- phasing\'hen applied in vitro during subjective
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daytime. The period of sensitivities to these two neuromodulators encompasses the

period of phase7tlvance induced by nonghotic stimuli (Mrosovsky• # 1989; j4 see

Mrosovskyu this volume.) Wi10 .,.M 5HT"CI applied to the CN in a 10-- mlJ

droplet for significant phase adjustfinits (>1 h) -
-J~D a# 1'CCA 11'

(Fig. 4; Medanic and Gillette, 1992). The maximal response occurredtt CT 7 whe wtck

•.matzuenA induced a 7.0+0.1*l phase advance. This period of sensitivity to

SD1.•e As •--

SHTimni .drop overlaps with but is not identical to that for bath-applie4 cAMPW (Fig. 4).
V A k~o~KkE 4A- 1tere~spconWSCo e

M1 Idifferences in the details o .I-IL and cAMPh..e.. ,...... could

/r-eflect-integrative-responses-due--to the differing extent of exposure to the stimulus
or' C'r

between microdrop and bath application, the similarities, especially between Cr 2/, are

striking1 and suggests-i common pathway. '4onistsland antagonisf std'oes have implicated

a 5ýHTA-like receptor (Medanic and GilletteK 1992, Shibata~e__ 1992, Prosser~etal.

1993). ýnee# a new cAMP-coupled 5HT receptor (5HTj) has recently been cloned. /--~ I

from rat brain (Lovenberg4ta 1993); 'Athough it has not been localized to the SCN,

should this receptor reside either inmVbSCN neuronls or in presynaptic terminals, it

could modulate the early phase of the 5 H1shift by a cAMP-dependent mechanism.

The disparity between the cAMP and 5HTphase response curves after this point wouldý. ý" -'b eriO

suggest that the latter response, from CT 6ý10 and including the maximal effect, is <-

mediated at least partially by a non-cAMP-dependent mechanism.

Daytime sensitivity to NPY microdrops applied tcVLSCN significantly lags the

sensitivities to cAMP and 5HT (Fig. 4, Medanic and Gillette/, 1093). It first appears at

CT 5/peaks at CT 8 with a maximal phase shift of 4.5 hrj- about 2.5 h' less than the MIl'T
10-

1 0
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Speak/and then dissipates in parillel with the waning 5 This temporals
k~ lki 011t S4• c

pattern of • sensitivity to NPY. in subjective day makes it unlikely that NPY utilizes a

cAMP-stimulating signal transduction mechanism. A second period of sensitivity to

NPY anticipates dawn, peaking at CT 22, a time when ýCN are insensitive • to regvgohK'

.cAMP and cGMP/re. This bimodal pattern of sensitivity of the free-running

SCN to NPY raises questions ýoga-ding the mechanism(s) regulating sensitivity. Is the

receptor itself disappearing, then reappearing, or is regulation at the levev of ignal

transduction elements, or at cellular substrates of the transduction cascade? Our results
£,_ Ci .vtf4 X cCi-ia, -r

regarding changing sensitivity to cAMP)stimulation would suggest that ,,--la-tef-faion

L is2 most likely. What ever the level(s) of regulation, these changes must be close to or

driven by the clock, and thus understanding them should lead us toward a better

understanding of time keeping elements.

Nocturnal sensitivity of the SCN to phase adjustment must include the neural

substrates of photic entrainment. Because kIle lines of evidence support a role for

glutamate Gb in mediating\signals ffzjcgM im the environment at KJ{Jlsynapses at 4-7

"& X -S • ,_ . . . . ./ ,/ l - _\
the VL~SCN (Rusak madl Binat199O, Kim and Dudek• 1992), we examined temporal 'n_? )

changes in the effect of focal application of OWL to the SCN. One pl drops , which

effectively covered one $C with 10 mM GH-for 10 min, produced phase delays and
ýVkL r a,'dwucc bi 1ý o ' C,

phase advances which are remarkably lightoi'ý1 in time, shape and amplitudelqmaximal
"W I- V

- delay at CT' 14, and maximal advance at CT WC (Ding and Gillctteý 1993). Interestingly,

, Iwhile this period of sensitivity spans that to cGMP, the 4ibimdal shape and lesser

amplitude of the r response -suggest that activation of cGMP pathways cannot

11
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wholly explain the •tresults 4 Uti-O A &'.

Interspersed between the daytime and nightilme sequences of * ensitivitiei o

these neuromodulatorsX are periods that represent the entrained ight•dark and dark-light

transition zones. The first of these, which surrounds environmental dusk, coincides with

a period w'-hen injections of the pineal hormone, melatonin/WMg)-v have been shown to

entrain rats and alter energy utilization in the SCN (RedmanLgqj 1983, Cassone 4•

1986, 1988). Not surprisingly, bath application of 10-9 M *-U for 60 min adjusts the

subsequent cycles of PGN-firing rateL(McArthurfi e 1991) by advancing the clock Lp to

4.5 h. Careful examination of ,SPO sensitivity surrounding dawn revealed a second,

narrow period of sensitivity to/t~ that appeared sharply at Cr 23 and then decayed

over the next W Both of these sensitive periods closely follow those to NYP. In this

-- ' respect, EI- doe&4y resembles NPY: "11oth show two windows of sensitivity, separated

by many hours, a¶-t•-e9 appear spontaneously in die constant conditions in vitroK

without exposure to the phase-adjusting agent. In the case of these sensitive

periods occur at times when seasonal changes in nightlength can be expected to stretch
It~i.i-.-

the duration of pineal MEL synthesis into these temporal domains of the SCN.

\/iewiiigie-pr-esent--da s-a-whotewe have accumulated evidence that the

properties of a circadian clock persist in SCN in vitro. The SCN generate multiple, near

24/h1 cycles of ensemble neuronal firing rate and show differential sensitivity to phase-

adjusting stimuli. Thlie patterns of membrane properties and neuronal activity are

circadian even though less than the entire SCN is present in the brain slice. SCN

1
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I Y\ V~fC

continue to generate a stable circadian oscillation in the ensemble electrical activity,

even though component neuronfs kxdit div.ersity in electrophysiological properties.

The contribution of the various electrophysiological types of neurons to integrative or

timekeeping functions of the SCN is presently unknown. Further, the isolated SCN

proceedf through an orderly sequence of sensitivities to resetting stimuli. This occurs1It ois occr

without prior exposure to the stimuli during that circadian cycle.,"Sach sensitive period /s

generally 0h"w• more rapid bfe4 than fsE. euromodulatory imus identified~ 1~stamuluroidentitied

*ds far act$ through ý different signal transduction pathwaywhich it insensitive to direct

activation during non-sensitive periods. This suggests that the processes that regulate

sensitivity operate beyond the level of the receptor, at least one e-,-er-0, steps into the

cell. The cellular substrates that determine P ensitivity and Fepensecharacteristics/ko

extracellular regulators define separate temporal domains which appear as an orderly

sequence of biochemical and molecular relationships that together make up the circadian

cycle. Understanding the components of each domain, its positive and negative

regulators and the linkages between successive domains should permit fine control of

phase adjustment.
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=Figure Legentk

"fltr6xo e•lC•rot clA4s/A44'C dlgc i ('Sciv)
Figw4 1. The circadian oscillation in spontaneous firing rate of the ensemble of(e:N

Stemone in a ypothalanic brain slice. Mean firing rate (Hz) for all units encountered w•;j

and sampled within a 2-br interval is plotted against circadian time (CT) of the'"uaineA

lighting cycle' where Cr 0 is time of the dark/light transitioi "e donor's-etu-diiug

Ný_eA The slice was prepared at C(T 1 (arrow) from an P-week-old rat reared in a

12L:12D lighting cycle and placed in constant light in the interface brain slice chamber;

recording commenced at CT 4. Activity peaked at CTF 97seven hours into the entrained p

light cycle, and was generally low at nigh -- rr6,b(, S * - ^ VA

c4 - - -... - - U

Th t SC ensitivityto cAMP is in antiphase to that fe•cGMP. , e4

" (Ir ~ shifts iin/time of the peak in the electrical activity rhythm in the Wclel ,aftr of-
Wk, cK.. tt,, E-Yc -"YE -Cd 6-c wAoor L C.

atthe SCNlin vitro for 1-h(-with 'at• app~ie• analogs,
"-"('ln--cG -- o•PppMd r Ca. r& bxk-

\re-, ....eo ps-for-algi•eg\ A-cAMI) aýd/•j r-cGMl)ABr-SAMP was without effect.

tevifty-tostlttrgAP-p- r-was-is conneto-s-uthjee t ayanduatii

jý-c Lpathways-to-night---Adapted from Prosserel 1989.)

F'igu 3. Schematic of the head of a rat J,4th major brain sites that regulate the SCN.

The SCN Xs positioned at the base of the hypothalamus, directly over the optic chiasm.

'R receiveh 5H-lprojections from the dorsal raphe NPY/GABAyprojections from the

intergeniculate leaflet (IGL), and 'O\-liberating axons from the retina via the (RI I').

Additionally, the pineal ý14INN is the source of circulating'.-El
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Figk•q4. The family of phaseiresponse curvesk.la-ig three daytime phase-shifting

agents,(B-cAMP 5ýI-T et NPY. BA-cAMP was b-ath appliedfor t at 5 '1 'Mr"M

whereas 5HT and NPY were applied at 104iM in microdrops to the'VOSCN for -imin.

Notice the similarities and differencel amongst this family of curves. , 1- M A.-•A -
E- r- 14 A4- -_ -. 4

,4- P es V- L/ VI, . V c

,,,*•u 4. ,. ,93-s) ../
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Do the suprachiasmatic nuclei oscillate in old rats
as they do in young ones?

EVELYN SATINOFF, HUA LI, THOMAS K. TCHENG, CHEN LIU,
ANGELA J. McARTHUR, MARIJA MEDANIC, AND MARTHA U. GILLETTE
Departments of Psychology, Physiology, and Cell and Structural Biology and the Neuroscience Program,
University of Illinois at Urbana-Champaign, Champaign, Illinois 61820

Satinoff, Evelyn, Hua Li, Thomas K. Tcheng, Chen deterioration reflect changes in the circadian clock itself
Liu, Angela J. McArthur, Marija Medanic, and Martha or in the interaction between the clock and the overt
U. Gillette. Do the suprachiasmatic nuclei oscillate in old rats behaviors it regulates?
as they do in young ones? Am. J. Physiol. 265 (Regulatory Changes in rhythmic behaviors could be due to alter-
Integrative Comp. Physiol. 34): R1216-R1222, 1993.--The basis anges in rhythmic behavior cu be due o te
of the decline in circadian rhythms with aging was addressed by ations in rhythmic neuronal activity in the SCN of the
comparing the patterns of three behavioral rhythms in young hypothalamus, a principal pacemaker that organizes cir-
and old rats with the in vitro rhythm of neuronal activity in the cadian rhythms in mammals (18). In rats, SCN lesions
suprachiasmatic nuclei (SCN), the primary circadian pace- disrupt circadian rhythmicity in many behaviors (see
maker. In some old rats, rhythms of body temperature, drink- Refs. 15 and 19 for review). The SCN generate a near
ing, and activity retained significant 24-h periodicities in en- 24-h rhythm of multiunit activity in vivo (8). When
training light-dark cycles; in others, one or two of the rhythms isolated in vitro, the SCN continue to produce a circa-
became aperiodic. When these rats were 23-27.5 mo old they dian rhythm of electrical activity (5, 6) that is stable for
were killed, and single-unit firing rates in SCN brain slices were multiple cycles and matches the rhythm in vivo (11).
recorded continuously for 30 h. There was significant damping Tie cycles and matchse rhthm in vivo ()
of mean peak neuronal firing rates in old rats compared with The rhythm of 2-deoxyglucose uptake in an SON slice is
young. SCN neuronal activities were analyzed with reference to proportional to the rate of glucose utilization in light-
previous entrained behavioral rhythm patterns of individual entrained rats (10). Cultured SCN cells retain the ca-
rats as well. Neuronal activity from rats with prior aperiodic pacity for circadian oscillation (9). Thus the SCN in
behavioral rhythms was erratic, as expected. Neuronal activity vitro is an appropriate preparation for assessing SCN
from rats that were still maintaining significant 24-h behavioral rhythms.
rhythmicity at the time they were killed was erratic in most Homeostatic regulations also deteriorate in aging or-
cases but normally rhythmic in others. Thus there was no more ganisms (7, 12). This leads to the question of whether
congruence between the behavioral rhythms and the brain slice the decline in circadian rhythmicity might be a masking
rhythms than there was among the behavioral rhythms alone.
These results, the first to demonstrate aberrant SCN firing effect. Masking usually refers to an environmental cycle
patterns and a decrease in amplitude in old rats, imply that exerting a strong exogenous influence on a biological
aging could either disrupt coupling between SCN pacemaker variable without a direct effect on the underlying timing
cells or their output, or cause deterioration of the pacemaking process. We use the term here to refer to a physiological
properties of SCN cells. system exerting a strong effect on its overt rhythm. For

brain slice; circadian rhythms; body temperature; activity; instance, if renal insufficiency or vasopressin dysfunc-
drinking; rat tion caused increased drinking during the day, the

drinking rhythm might disappear, but this would not
THE BIOLOGICAL CLOCK in the suprachiasmatic nuclei imply loss of control of the rhythm via the pacemaker.
(SCN) produces timing signals that generate circadian Similarly, if a decrease in one rhythm (e.g., activity)
rhythms in physiological and behavioral systems. Nor- caused a reduction in another rhythm to which it is
mal biological rhythm functioning contributes to good linked (e.g., body temperature), this would also be a
health and well-being (1, 2). During aging, many char- masking effect.
acteristics of rhythmic behaviors deteriorate; the two Although we did not look for masking effects, we did
most commonly seen changes are decreased amplitude try to determine whether the deterioration of circadian
and a disruption of normal patterning (13). There are rhythms in elderly rats was accompanied by changes in
important questions to lIe asked about these changes, rhythmic neuronal activity in the SCN. If changes in
including possible changing relationships among behav- behavioral rhvylhmicity were mirrored by changes in this
ioral rhythms and between the SCN and behavioral measure of outlput of the primary p)acemaker, then we
rhythms, as well as changes within the SCN. )Do all could infer that the changes in the behaviors were
circadian rhythms become disrupted at. the same time, caused b vy alteratiions in neuronal relationships very
or does one invariably deteriorate before another. or is (lose toI lIhe oscillator as well as possible deteriorations
there rio lpattern to the loss of rh.t.hrnicity? D)oes the in hormeositalic regult lions furlther downstream.
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10. maintained a weakly significant activity rhythm. Two
S9- 0 Old Group male rats, OM23 and OM29, had very similar, strongly
8•-| 0 Young Group entrained patterns of body temperature and weaker

rhythms of activity and drinking. The body temperature
44 rhythm in a third male, 0M13, appeared to free-run while

W 6- activity and drinking rhythms were still discernible.
Sf 5- Periodograms for the last 10 days of data for the rats in

.h: t Fig. 1 are shown in Fig. 2. In general, the behaviors of the
* old rats were very variable with respect to rhythmicity.
CD 3- One behavior could be rhythmic without any correlation

2- between it and the presence or strength of rhythmicity in
SIthe other two behaviors. In four of the old rats body

12 temperature showed a strong 24-h period, while at the
0 3 6 9 12 15 18 21 0 3 6 9 12 same time, the 24-h periodicity of activity and drinking

Circadian Time (hr) might also be strong (OF46), be considerably weakened

Fig. 3. Circadian variation in the ensemble firing rates within the old (n (OM23, OM29), or show more power in one rhythm
= 8) and young (n = 4) groups of rats. Two-hour sliding window aver- (drinking) than another (activity; OF50). A fifth rat
ages of neuronal firing rates were calculated for individual subjects at (OM13) had many weakly significant ultradian frequen-
30-min intervals. These mean values were averaged within each group to cies in body temperature and weak circadian drinking
produce the plotted values. Group averages for time points with fewer

than two subjects were not calculated. The amplitude is lower for the old and activity rhythms. The body temperature rhythm of
group (P = 0.016, see text). OF49 had a weak 8-h periodicity. At the same time there

was a weak 12-h and 24-h periodicity in the drinking
by visual inspection of a graph of these values for the symmetri- rhythm and a 12-h rhythm in activity. OF45 lost its body
cally highest point. Recording was performed blind, i.e., without temperature and drinking rhythms but maintained a cir-
knowledge of the previous behavioral history or age of the rats. cadian period in activity. In summary, these three behav-
In addition to the 13 rats whose behavioral histories had been ioral output measures of the pacemaker were not corre-
recorded, -lice recordings were also made from two 2-mo-old lated with each other either within an individual rat or
rats on which prior behavioral rhythms were not recorded.

Curve fitting and statistical analyses. For curve-fitting analy- between rats.
sis, single-unit raw data points were grouped into overlapping 2- The right side of Fig. 2 shows the 30-h free-running
h bins at 30-min intervals. Such sliding window averaging acts pattern of the ensemble single-unit activity in the SCN
as a low-pass smoothing filter that reveals long-term temporal slice; recording began 1 h after the rats ,%ere killed. The
changes by smoothing their inherent heterogeneity. A periodic top record (YF09) is characteristic of SGN activity in
parametric curve was fitted to each subject's sliding window young rats (11), with a sinusoidal pattern that has a single
averages. The form of the curve was designed to describe the peak in SCN unit activity at CT7 on both day I and day
typical shape of a young rat's sliding window average. The equa- 2 and a peak amplitude of -6 Hz. This agrees closely
tion of the curve is Hz = offset + exp[(amplitude * sin (phase)), with previous work with respect to time and amplitude of
with phase = [(CTI)/24] * 27r. Offset and amplitude are param-
eters that are optimized. Phase fixes the time of peak for the the first peak recorded in vitro (11). The brain slice re-
curve at CT7.0, the normal time of peak for young rats (11). cording of OM29 looks like that of a normal young rat,
Parameter values for the old and young groups were compared with a single peak per day at around CT7. Yet the SCN
using t tests. unit activity of OM23, whose behavioral rhythms are

essentially identical to those of OM29, was the flattest of
RESULTS any of the old animals, with no clear initial peak. 0F46,

Body temperature, activity, and drinking rhythms were which had three strong behavioral rhythms, had a slice
recorded for 35-178 days. Figure 1 shows these patterns rhythm that did not have a sharply defined peak. The
of body temperature, activity, and drinking of one young other four rats shown in Fig. 2 had aberrant patterns of
and seven old rats for the last 1-2 mo before death. It is SCN neuronal activity. Most rats had multiple peaks that
readily apparent that there is no consistency between age appeared at unexpected times, and they were not the
and rate of decline in circadian rhythms in these outbred same time for any rat (e.g., OF50, at CT4, 10, 12, and 18,
rats. One extreme was rat OF46 in which all three OM13 at CT21 and 24, OF49 at CT22, and 0F45 at
rhythms remained strongly entrained to the LD cycle, as CT13-14, 0-1, and 4). Thus there was no more correla-
was true of the young rats whose SCN activity patterns tion between this fourth measure of pacemaker output,
were analyzed in vitro and 30 other young rats in the pattern of SCN firing rate, and the three behavioral mea-
laboratory. The other extreme is represented by rat 0F45, sures, than there was among the behavioral measures
which had no body temperature or drinking rhythm but themselves.

Fig. 2. Thre' h'ft colurnfms: periodograms of hod', temperature, act ivitv, and drinking of t he same rats as in Fig. I for the
10 days before the slice recording. The periodogram was normalized by making the total variance 1. 'lThe power of each
variable can he compared with the power for the same variable in other rats hut nrot with different variahles in the same
rat. The horizontal line is the white noise level. The dashed line (in some cases onlv visihle in the graphs with high
power) is the lower limit of the 99tJ.99"' confidence interval for each frequency. Right col'uni: SCN unit activity recorded
in constant light for at least 30 hr. Solid line is 2-h sliding window average with data grouped in 15-min intervals. Circles
are individual ccllt.
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Because preparing the brain slice releases each SCN lost or weakened while others remain. In this sense, aging
into constant environmental conditions in vitro, an can be considered similar to partial SCN lesions in young
analysis comparing mean SCN firing rates between old rats, reducing either the number of oscillators or the syn-
and young rats addresses the endogenous rhythmic prop- chrony between them. Such lesions have been found to
erties of the old vs. young SCN (Fig. 3). Parameter values cause differential disruption of the three behavioral
for the old and young groups were compared by t test. The rhythms measured in the present experiments (16). Al-
t value for the offset term was not significant (P = 0.737), though there are no experiments characterizing coupling
suggesting that overall firing rates were not significantly among individual SCN cells, there is evidence that there
different from each other. This implies that the high are cellular changes with aging. For instance, a loss of
firing cells are not clustered around a particular peak but peptidergic neurons in the SCN of old rats has been re-
are more spread out. However, the offset parameter only ported (3, 14). Alternatively, in individual aging animals,
measures overall firing rates indirectly by adjusting the the target brain areas for the three behavioral rhythms
fitted curve up or down on the Hz axis. A stronger com- may be differentially sensitive to signals from the pace-
parison of overall firing rats is a t test comparing cell maker.
firing rates themselves. Therefore we calculated a mean The second point concerns changes in the activity pat-
for each slice and compared old vs. young. There was no tern of neurons within the SCN itself. Examination of
significant difference between the groups (P = 0.322). individual slice activity records shows that there are
This supports h"h conclusion that the peaks are more peaks in firing rate at timcs never seen in young rats. The
scattered in the old group rather than that the high firing curve of the average firing rate for the old rats (Fig. 3)
cells have disappeared. shows that an underlying circadian rhythmicity remains

The t value for the amplitude term was significant (P = in the SCN; peaks occur at the expected times on both
0.016). The mean amplitude values were 1.375 for the day I and day 2. The aberrant peaks and troughs are
young rats and 0.876 for the old rats. This difference superimposed on this basic rhythm. However, the ampli-
indicates that the amplitude of the circadian oscillation tude of the rhythm in old rats is significantly damped at
in SCN neuronal firing rates is attenuated in old rats. the normal peak times.
This change in amplitude reflects underlying changes in The functional identity of SCN neurons based on firing
the behavior of individual neuronal activities such thatther isappren los ofcohrene ofthetimng f a pattern is presently unknown (4). The neuronal activitythere is apparent loss of coherence of the timing of ap- rhythms measured here are most likely outputs from the
pearance of fast units, producing multiple peaks (Fig. 2, rhythmscmeasd heresare motel oututs omright), as well as a general increase in variance of th SON clock and not necessarily integral constituents of

rigt),as ellasa gnerl icresein arinceofthe the clock mechanism (17). Nevertheless, it may seem sur-
activity, both fast and slow, of the neuronal population at the that meha tion of Neve rh ythmicity in s
any one time. The nature of these differences can be seen prisrng that deterioration of circadian rhythmicity in this
by comparing two behavioral rhythms and slice firing output from the pacemaker, or the coupling between its
rate from a 5 and a 29-mo-old rat (Fig. 4). In these cases cellular elements, does not prevent entrainment in the
the units were recorded for 7 h, the slice was left un- overt behavioral rhythms. This may indicate that differ-

touched for 14 h, and then recordings were made again for ent outputs from the SCN maintain entrainment of dif-
7 h to sample only the peak activities. In the young rat, ferent rhythms. This hypothesis assumes that the en-
the firing rates on the second day were as high as on the training signal (LD) is capable of generating rhythmic
first day. This is in contrast to the old rat: there was an SON output of some kind even if the population of neu-
initial drop in firing rate on the first day, which is never rons within the SCN does not sustain an autonomous
seen in slices from young animals (11), and there were no rhythm. In any case, the present results demonstrate that
clear midday peaks. Even when firing rate is damped in there is no more correlation between the output of the
slices from young rats, a single major peak at CT6-7 is SCN and the rhythmicity of the behavioral rhythms than
still clearly seen. In any case the firing rates on the second there is among the behavioral rhythms themselves. Of
day in some old rats, such as OF45 and OF49, showed no course, behavioral rhythms were measured under entrain-
such damping (Fig. 2). ing signals that were not present in vitro. We do not know

whether an arrhythmic SCN in vitro would have been

DISCUSSION arrhythmic under the entraining conditions in vivo.
Previously, declines in rhvthmicitv in various behav-

There are two major points in this study. The first is iors could have been interpreted as declines in homeo-
that there is a loss of coherence of behavioral rhythms in static abilities taking place downstream from the pace-
aged rats. Circadian rhythmicity in body temperature, maker. The present results demonstrate that aging affects
drinking, and locomotor activity did not deteriorate in endogenous rhythmicity far more upstream, indeed,
the same order in individual elderly rats. This may result within the SCN itself.
from several causes. Although masking effects due to pe-
ripheral factors may have contributed to some disrup- We t hank I )rs. I ia Faiman. ,ve G;allman. and Mart in Zat z for their
tions in the behavior, they cannot wholly explain the helpful c, mimen s t n the man J, Hill and I)r. D)a niel ('x f r h is help in
aggregate data. The latter can he accounted for by assum- the curve titting analysis.
ing that pacemaker or output cells in the SCN consist of This w %ark ua- sppirl k. Natimoal Inst jixues t"f ealth, h Nlll

coupled oscillators. Whenever sufficient numbers of cells G;rant I I -o t NHll 11:;s. a grant ronm the 'niversitv ,f Illinois at
erb a-('haotopaign Research Ioard to K. Satinoff. and NIH (;rant

become damaged or die, or the cells lose their coupling NS -22155 and Air FIorce Office 4t Scientific Research Grantl 90o 020W&t
with each other, the behavioral rhythm they drive will be t,, N. I'. G;illette. A. .1. NIcArthur and \I. Medanic were suppl),rted h.
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The geniculohypothalamic tract carries visual information from the intergeniculate leaflet to the suprachiasmatic circadian pacemaker. NPY,
found in this projection, has been shown to affect the phase of behavioral rhythms and influence photic entrainment. We now demonstrate that
NPY, when briefly applied to the geniculate projection sites of rat SCN in vitro, induces permanent phase-shifts in the rhythm of neuronal
electrical activity at two separate phases of the circadian cycle.

The suprachiasmatic nuclei (SCN) of the hypothala- dorsal raphc nuclei ttt.tNeurons of the iGL in turn
mus contain a circadian pacemaker, which acts to project back to the SCN, forming the GHT .X6,as well
synchronize rhythmic processes of the organism with as to the pineal gland3 7, the source of the neuroen-
the daily rhythms in the environment"-"'.* The SCN docrine signal of darkness, melatonin.
clock has the ability to sustain near 24-h oscillations in The retinorecipient cells of the iGL are immunore-
isolation from external time signals"4 , but it can be active for neuropeptide Y (N py)617.", and in the rat
reset hy environmental changes transmitted to the nu- they predominantly project to the ventrolateral region
clei by neuronal and endocrine inputs. The SCN re- of the SCN via the GI-T, to overlap with retinal
ceive photic information via the retinohypothalamic terminalIS7.&35 . The GHT is not essential for entrain-
tract (RHT) and the geniculohypothalamlic tract (GHT). ment to light-dark cycles but has been found to affect
The RI-T projects bilaterally from the retina to the the size of the phase-shifts induced by light pulses as
ventrolatcral regions of tlie SCN 2.4A It carries pri- well as to influence photic enitrainment. Lesions of the
mary visual information, about changes in environmen- iGL in hamsters induce phase-shifts in activity
tal lighting, and it is essential for enlrainmiett to light- rhythtms"f and alter the rate of reentrainment to varied
dark cyls, 5) Ablation of thle RI-T results in the lighting schedules 7 S. Similarly, electrical stimulation
loss of phott, entrainmient even if other inputs to the of the GHT results in phase-shifts of hamster wkheel
SCN are intact 2 1,. running rhythms 3",. in addition, hamster responses to

RHT afferents, the axons of at specific subset of constant light are affected by GI-IT/iGL lesions. GHT
retinal ganglion cells, bifurcate at the SCNI "" Sonic lesioned hamsters are found to be less susceptible to
of these projections continue onl to the lateral genicu- splitting of activity rhythins'". while a significant num-
late nucleus (LGN) of thle thatlanius. Amiong their ber of hamisters wkith split rhythms induced under con-
postsynaptic sites are neturonis of I lie intergentcu late sta nI lightI show futsioni of activitty rhythms follIowing
leaflet GIilA. T[he rat iG I is at un iforrm lamina of suich lesions
neurons cxlending between tilhe dorsatI and vetntral NI'Y isa; 30 anlino acid. C(ei-rtnitial~v amlidated

lXN~ l2!.V~~ IIn additiotn I0 bilateral retinatl effer-- pepl ide of' fihe family (f pancreatic pol\ pep(ie''
ents , it recetycS serototcriert tltetxatior front the that is thou~ght to lpla\ it modutlatory role in thie by-

((,,n~Is,,l.,I tI 6I ( i~k c. I )cp nrIclw'n of ('C-1 arnd strjtjil lut. iolin,w l'i1\.IIkig .111d t)il bsh\, .111 111w Neiirttciciw'c P'Ttgfr1u.
"t H111,1'i. ý1Iý S (.sutAvt~ t.ni.I lW N Ics( 27 4- 116U A .1
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Fig. I. Phase-response curve for NPY. The x-axis denotes the 27
circadian time of NPY treatment (h) and the y-axis indicates the 0.
average magnitude and direction of the induced phase-shift (h). The -46 12 18 24 6 12 18 24 6 12
magnitude of the shift in the time-of-peak in the electrical activity CIRCADIAN TIME (hr)
rhythm was determined in relation to time-of-peak in slices treated
with microdrops of medium alone. Filled circles denote the mean + Fig. 2. NPY induces pernainent phase-shifts in vitro. A: rhythm of
S.E.M. phase-shift. The subscript number indicates the number of endogenous neuronal activity recorded on day 2 after treatment with
experiments performed at a particular circadian time. Points at CT 0 microdrops of EBSS on day I at CT 7. .: single SCN treated with aare replotted at CT 24. The vertical bar marks the time of 'lights-off" mierodrop of l0- 1' M NPY on day I at CT 7. The time-of-peak on
andrte horeplonttedatCT24.Thevertal bar reat t b tive tigin the colony, day 2 occurred 3.25 h earlier than in control slices. C: recording onan the horizontal bar represents the subjective night inday 3. in a separate experiment, following treatment with NPY at CT

7 on day I, resulted in a 3.5 h phase-advance. This is nearly 24 h
later than the average time-of-peak seen on day 2 (3.75+0.46 h).

Subsequently these were repeated with 10-6 M Filled circles denote the hourly means+S.E.M. of the neuronal
activity rhythm recorded on the second and third day. The vertical

NPY/EBSS. There was no observable difference in bar indicates the time of treatment. The interrupted line shows the

the phase-shifts obtained. The average phase advance time-of-peak observed in untreated slices and the horizontal stippled

induced by NPY/dH20 at CT 7 was 3.7 + 0.52 h bar represents the time of the donor's night in the colony. The arrow

(n = 3), while NPY/EBSS resulted in a 4.0 h advance po the time of slice preparation.

in the time-of-peak. Neither of the solutions induced a
phase-shift in the electrical activity rhythm at CT 15 or at inducing phase-shifts are in a physiological range.
CT 18. All following time points were tested using The actual effective dose is likely somewhat lower than
NPY/EBSS; the results from both procedures were that of the solution applied due to diffusion away from
found overlapping, and were grouped and averaged for the site of microdrop application. Administration of
analysis. microdrops of NPY at the GHT projection sites re-

We also addressed the issue of whether NPY resets suited in permanent advancing of the circadian clock
the pacemaker permanently. This was demonstrated by during the mid to late subjective day and at the end of
recording the rhythm of electrical activity on the sec- the subjective night.
ond and third days in vitro, following treatment at CT There is notable similarity between the daytime
7 on day I (Fig. 2). The time-of-peak recorded on day 3 sensitivity of the SCN to direct application of NPY and
was at CT 3.5 (•A = 3.5 h), within the range of peak the daytime responses of animals to dark pulscs 5 or to
times recorded on day 2 in separate experiments (aver-
age (PA = 3.75 + 0.46 h). 5

A dose-response curve was generated for NPY ad-

ministered at Cl' 7 in microdrops, at 4 different con-
centrations, 10 5 M, 10 " M, 10-l M and 10'" M 32

(Fig. 3). Concentrations of 10 `' M (which were used in , 2

experiments addressing temporal sensitivities) elicited a .
a maximal phase-shift of 3.75 +± 0.46 h, while the half 10 to , o10 106 105

maximal phase change was seen near 5 X 10 '" M. NPY (M)

These results demonstrated that the phase-shifting cf- Fig. 3. NI'Y dlc rcp(ic iit'.ur', Slict' ',ecLc teiated ,,ith dittlrenl

feet of NPY on the circadian pacemaker is dose depen- concclltratimos ol Nil) rangintg tioth 1) " N to 10 "' NJ at ("1 7.

dent. The %-axi k dcn'lt ie th NI'l c'ncellttliaton (•I) adlnllimct cd \.hltc
the I-axis ini icalte, the phac.,l11t rtf.~p(,olN (1h). Thwe mflillithutd ol

We have shown thIiat NIP Y can play a regulatory role lthe plase-Nhifl inl lit Illi-t-f-perk \%a, dtlt' 1inned In rcwli o Ihi) Ie

in the mnanmmalian circadian sysicti by aflecting the itcak tunek in vchicl micniC itd,1)-tlt'icittd t'oititl h'ccN.C I'llcd tulc"Lc

phase of the pacemaker dircctly. The dose-response i''flt tie ilan SII. pil1c'111H. I le uh'clit'I ltillibeI 111di
Cli, h' llu melltl(itl 01 L-\pt'rtllcrim tl I ll I IIt 1 tI t•iit'llI cOOccll

relationship demonstrates Ithat cot-icenitratiOls effective iioi
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entrained 12L: 12D cycle, by 7-3 h at dusk and 4-0 h ment of retinal projections in Syrian hamsters: a study using
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CIRCADIAN PATTERNS OF SUPRACHIASMATIC NEURONAL ACTIVITY AND
SENSITIVITY

Martha U. Gillette
Dept of Cell & Structural Biology and College of Medicine, 506 Morrill Hall

505 S. Goodwin Avenue, University of Illinois, Urbana, IL 61801

The central role of the suprachiasmatic nuclei (SCN) in regulating circadian rhythms is well established. We
have been using a hypothalamic brain slice preparation to study the temporal organization of rat SCN neuronal
properties. This approach enables us to determine properties endogenous to the SCN.

All experiments were performed on tissue from our inbred colony of Long Evans rats, 6-8 months of age. Rats
are reared in a 12L: 12D schedule and fed ad iibitunm. Coronal slices of SCN-bearing hypothalamus (500 pM thick,
containing less that the entire anterior-posterior extent of SCN) are placed in a perifusion-interface chamber where
they are maintain at 370 C, bathed in Earles' Balanced Salt Solution (Sigma) supplemented to a final concentration
of 24.6 mM glucose, 26.2 mM bicarbonate (pH 7.4) and gentamicin (0.0005%, Sigma) and exposed to a moist
atmosphere of 95% 02:5% CO2 . Slices have been studied for up to 53 hr. Spontaneous neuronal firing of single
neurons is studied by extracellular recording techniques over the course of sticcessive days in vitro. Averaged
firing frequencies for individual neurons are used to study the circadian rhythms of electical activity and its
modulation by cellular agents. Additionally, whole cell recording with patch electrodes is used to assess the
electrical properties of individual SCN neurons.

SCN generate near 24-hr oscillations in ensemble neuronal firing rate for at least 3 days in vitro. The rhythm is
sinusoidal, with peak activity appearing at CT 7.0 ± 0.11 (CT=circadian time, starting at CT 0 with "lights on" in
the colony, and continuing for 24 hr). The Lime of peak activity of the neuronal population is stable across multiple
cycles and predictable between animals, thus is used as a marker of phase. Individual neurons, however, exhibit
diversity in their electrical properties, including firing rate, pattern and response to imposed current, at any one
point in the circadian cycle. Further, there is temporal change in electrical properties over the course of the
circadian cycle. 2 Both membrane potential and conductance show significant circadian variation, which may
underlie circadian differences in responses to excitatory and inhibitory neurotransmitters.

In addition to changes in neuronal activity, the SCN in vitro undergo sequential changes in sensitivities to
resetting agents over the 24-hr circadian cycle. During the subjective day the SCN clock progresses through
periods of sensitivity to cAMP1 , serotonin 3 , neuropeptide y 4 , and then to melatonin at dusk5 , while during the
subjective night sensitivity to cGMP 6 is followed by another period of sensitivity to melatonin at dawn7 .
Intriguingly, agents that selectively stimulate cAMP or cGMP pathways have sensitive periods reminiscent of
daytime and nighttime phase-shifting agent in vivo. These findings emphasize that the fundamental properties of a
circadian clock survive in the SCN in vitro. Understanding the cellular mechanisms that generate these
endogenous changes in the SCN time-keeping mechanism are basic to understanding the SCN's integrative and
regulatory role for organismic rhythms such as sleep.

IProsser, R.A. and M.U. Gillette. J. Neurosci., 1989, 9:1073-1081
2 Gallman, E.A. and M.U. Gillette. Soc. Res. Biol. Rhythms Abst., 1992, 3: 29
3 Medanic, M. and M.U. Gillette. J. Physiology (London.), 1992, 450: 629-642
4 Medanic, M. and M.U. Gillette. Soc. Res. Biol. Rhythms Abst., 1992, 3:104
5 McArthur, A.J., M.U. Gillette and R.A. Prosser. Brain Res., 1991, 565: 185-192.
6 Prosser, R.A., AJ. McArthur and M.U. Gillette. Proc. Natl. Acad. Sci. USA, 1989, 86: 6812-6815.
7 McArthur, A.J. and M.U. Gillette. Soc. Neurosci. Abst., 1992, 18: 879.
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Research (90-0205).
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